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ABSTRACT

Silver chioride crystals containing different transition metai
ions have becen investigated by electron spin resonance spectroscopy.
The properties of iron impurity have been studied in detai:,

The irradiation of crystals containing divalent iron leads to the
formation of a trigonal trivalent complex when the temperature of
the crystal is about 170°K. Subsequent warTing of the crystal to
200°K converts this complex into the cubic centre which has been
identified by Hayes, Pilbrow and Slifkin., A model is prcposed for
the trigonal spectrum and a mechanism is suggested for the processes
which occur in the crystal during and after irradiation, /i number
of other spectra have been observed, but owing to difficulties in
reproducing these, it is only possible to make general comments
regarding their classification and origin, The S-state spectra for
both the cubic and the trigonal sites exhibit some unusual
characteristics which are discussed in some detail,

Single crystal experiments have been carried out on a 100Xc/s
field modulation, X-band spectrometer at 20 K, 77°K and at 300°K.
The e,s.r, spectrometer is conventional apart from the absorption
cell which is a standing wave helix rather than a microwave cavity,
The use of a helix in an e,s.r, spectrometer is described, and ideal
design criteria arc calculated to take account of dielectric loading
of the helix by non-lossy samples, The spectrometer sensitivity is
comparable with a similar cavity instrument, principally because of

the high filling factor which can be obtained.
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CHAPTER I

INTRODUCT ION

Eiectron Spin Resonance (E.S.R.) spectroscopy is a technique

which detects transitions bet'.‘:eenlgnpaired electrons]spin states'in

a magnetic fieid., In the systems considered in this thesis, the

paramagnetic or unpaired electrons are those of transition metal
ions dissolved in silver chioride crystais, The energy ievels of
paramagnetic electrons in a crystal are generally very sensitive
to the local environment of the atom; the unpairing of electron
spins implies that they are among the least firmly bound electrons
in the crystal and hence are associated in some way with the
bonding of the crystal, It is for this reason that E.S.R, can be
a very useful technique for investigating, often in fine detail,
local crystalline symmetries and the bonding around paramagnetic
ions, When it is necessary to take into account more than the
simple ionic effect of neighbouring ions around a paramagnetic ion,
the neighbours are called '"ligands'" and the molecular system
comprising a central ion and its ligands is called a '"complex',
Some emphasis is placed on the importance of the molecular effects
as these appear to be of considerable reievance in the iron

complexes which have been studied,

It has been possible to study the\(hoiestrapping'which follows

the irradiation of silver chloride containing divalent iron ions

and then to understand the mechanisms of ionic rearrangement which
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take place at particular temperatures. Such processes in silver
haiides are of importancc in many of the physicai propertics of
the crystals and the part played by impurities such as iron is

of particular interest, The resuits of this work are presented

in Chapter VII and they are discussed in the foliowing chapter,

As the interpretation of the data depends on an appreciation of
many of the physicai properties of silver halide crystals and as
no recent review has been published, Chapter II attempts to
describe some of the more important properties. In the subsequent
two chapters the theory of eitectron resonance spectroscopy and

its epplication to transition ion systems is discussed., Chapter V
briefly indicates (the instrumentation which is used in E,S.R.
studies and a short description is given of the spectrometer which
has been buiit and used in the silver chioride experiments,

An analysis is given of some aspects of the use of a siov wave
helical structure as the absorption ccil in a spectrometer; in
particuiar the dielectric .oading by samplies is investigated,

It has becen found necessary to prepare and purify the siiver
chloride crystals fairly carefully and Chapter VI is devoted to

a description of thc preparation and handiing of siiver chioride.
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CHAPTER II

PHYSICAL PROPERTIES OF SILVER HALIDES

Introduction

To provide some understanding of disorder and impurity processes
in a crystal it is necessary to examine many of its properties,
The silver halides are basically classed as ionic crystals, and both
silver chloride and bromide, which are the two halides which #ill be
discussed, have the same face-centred cubic structure as the majority
of the alkali halides, Attention is restricted to the chloride and
bromide as -it—is—on—them-that most work has been concentrate&k::g\
the fluoride and iodide are not nearly as '"well behaved'. The
fluoride has a tendency to prefer the Ang form and silver iodide has
a disordered phase at high temperatures.

Many of the detailed properties of the alkali and silver halides
differ considerably; this is often because the binding of the silver
halides is not so completely polar as that of the alkali halides.

A study of both crystal types is however of great use for contrast or
comparison when the properties of one or the other are considered.
Accordingly, there will be much reference in this chapter to the
properties of alkali halide crystals, although no conscious attempt
will be made to survey them., Many of the properties of ionic crystals

in particular the alkali halides, are described, for example by

Seitz (1, 2), by Kittel (3) and by Dekker (4).
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The section on photographic sensitivity will be restricted
primarily to physical volume effects, although much of the technical
importance of this aspect of silver halides depends on the surface
propert_.es,

Binding of the Perfect Crystal

Binding Energy

The cohesive energy of an ionic crystal is divided into four
parts in the Born Theory: the electrostatic, repulsive, Van-der-iaals
and zero-point energy (1). These experimental and theoretical energies
for sodium chloride and silver bromide are compared in table 2.1 (5).

Table 2.1 Various contributions to the cohesive energy per ion pair

(in e.v.)

AgBr NaCl
Coulomb Energy 8.64 8.86
Repulsive Energy -1,37 -1.02
Van-der-ilaals Energy 1.18 0.12
Zero-point Energy -0.04 -0.07
Total Enecrgy 8.41 7.89
Experimental value 8.74 7.90

The agrecement of the theoretical and experimental values for
NaCl can be taken as an indication that its character is truly ionic
at least when compared with AgBr,

In any ionic crystal, there will be overlap between nearest
neighbours to provide the repulsive energy; this will distort the ions

to some extent, This distortion will be important if the work required
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to remove an electron from the negative to an adjacent positive ion
(not to the conduction band) is smail (see Section 4.3). This is the
case with the silver halides to some extent, Examination of the
ionization potentials of the alkali metals and silver shows that the
first ionization potential for the alkali metals is lower than other
metals; more than 2e.v, less than for siiver, This allows an
appreciable amount of covalent bonding between the halogen ions and
their silver ion ligands.

Associated with this difference between the alkali and siiver
halides is the very large difference in the Van-der-Waals energy.
Although the Van-der-Waals energy is properly described by a quantum
mechanical treatment, classically the effect will be of the form
@) @ for the dipole-dipole part of the interaction, where o, and

r

0y are the atomic polarizabiiities of nearest neighbours. These are

large for the halogen ions but5§1591}‘pgpg;miggﬂﬁaihrizabilit;;;)are
small due to the tight binding of the remaining electrons in the ion,
In silver & is large compared with the alkali metais, This is due to
the weaker binding of the 4d electrons to the silver ion relative to
the crystal, It is worth noting that this is associated with the fact
that silver is to be found in a divalent state in some complexes,

The case of AgCl is similar although the contrast is perhaps
not quite so great,

The Dielectric Constant

The polarizability of a substance may usually be divided into

three parts: electronic, ionic and dipolar, The electronic part is
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simply the o mentioned above., It describes the displacement of the
electrons relative to the nucleus, The ionic polarizability aionic
arises from the displacement and distortion of an ion relative to other
ions, This is important in ionic crystals but the effect is small in
covalent crystals (e.g. diamond) where all ions interact identically

in an external clectric field, The dipolar or orientational

contribution, « occurs if there is some permanent dipolar

dipolar’
molecule or complex in the crystal, as is the case with many organic
substances, This can also be found in ionic crystais when, for exampie,
a vacancy is associated with a divalent impurity in AgBr (8).

As far as the perfect lattice is concerned, there is no dipolar
contribution in ordinary ionic crystals,

The three effects can be separated experimentally as is shown in
Figure 2,) . Dipolar compiexes arc only able to foliow a varying
electric field to a limited extent depending on the surrounding§ of
the complex and its symmetry. A similar effect occurs with the ionic
displacement when an electric field of frequency greater than the
optical phonon vibration frequency is used, This frequency usually
lies in the far infrared (approximately 110w in AgBr and 80 in AgCl)
and the actual frequency can provide some measure of the ionic nature
of the crystal by effectively measuring the charge of osciilating ions
through the Szigetti relations (p. 167 of Ref. 3, 9, 10).

The magnitude of ®ionic Will depend very strongly on the degree of
ionic binding and in the limit of covalent crystals its effect |

disappears,
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The electronic polarization, largest for the most weakly bound
electrons, is able to follow an electric field until the associated
energy is sufficient to lift a valence electron into the conduction
band, This effectively destroys the ionic state of that constituent
of the crystal, The high frequency dielectric constant ( Eq) is the
observed effect of o, in the bulk crystal, To assess the local field
on an ion due to an applied field, some assumptions must be made
regarding the surroundings of the ion (3, p.155). Ignoring the dipolar
contribution, the low frequency dielectric constant (fSo) is a
combination of o, and ¢;. Again, some local field must be postulated
to allow a calculation of the dielectric constant, This difficulty is
related to the polaron problem which is mentioned in the next section;
in the case of the alkali and silver halides, there is a fairly localised
distortion around a given centre, but it is not concentrated within
its own radius. The polarization energy associated with the perfect
lattice, and with distortions of it, is of very great importance,

As would be expected from the large atomic polarizability of the
silver ion, the high frequency dielectric constant of the silver halides
is much larger than that of the alkali halides as shown in table 2.2.
The details of a number of other substances are included for

comparison,



Tablie 2.2
Dielectric Constants Polaron Coupling Constants
€ o € ,lr.t.) (77°K) om=m) ot
AgBr 4,62 13,1 (11.5) 3.6 1.6
NaCl 2,25 5.26 5.5 ~3 *
KC1 2.13 4,68 (4.35) 5.6 N3 %
Cuy0 4.0 10.5 2.5
PbS 15.3 1't.9 0.26 0.16
InSb 16.0 17.5 0.13 0.014

* assuming a band mass similar to that of AgBr.

Electronic Properties

Introduction

The fundamental electronic processes in an ionic crystal are
observed primarily in optical absorption and in photoconductivity
experiments, Interband electronic transitions are introduced by
ultra-vioict or morc energetic radiation, allowing electronic or hole
conduction, or perhaps both, to take place.

For the purposes of this thesis, it is useful to study the
clectronic properties and band structure of the silver halides because
the ionic processes which take place on irradiation are a very direct
result of photoconduction, The presence of photoelectrons in a crystal
is the primary part of the formation of a photographic latent image

in sensitized silver halides (6).
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The fundamental properties of the silver halides have been
extensively investigated, not only because of the relevance of such
work to the photographic process, but because of some other intercsting
phenomena which occur,

The silver halides arc an intermediate case as far as band gap
is concerned, between the alkali halides and silicon as is shown in
Figure 2.2 (11). In addition, their optical absorption possesses a
low level tail which stretches into the visible region, lore is
probably known of their electronic propertics than those of the alkali
halidecs.

Single crystals of silver halides have been prepared (12) with
the very high purity necessary for accurate observation of the opticai
absorption and electrical conductivity at low temperatures, when the
effect of lattice vibrations is negligible and impurity effects can
become very important, The preparation of silver halide crysta}s is
described in Chapter VI,

Optical Absorption and Band Structure

The absorption spectra of silver chloride and bromide have been
investigated over a wide range of wavelengths from the visible region
to the far ultra-violet, Thin films have been prepared in various ways
to provide values of the extinction coefficient in the ultra-violet
where the absorption is characteristically very strong., At longer
wavelengths, large single crystals can be used,.

Figure 2.3 shows the fundamental absorption of thin films of

AgBr, igCl (13) and NaCl (14) for comparison. There is cleariy a great
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similarity between the spectra of silver and sodium chlorides, although
the effect of thermal vibrations in smearing out the structure appears
much more prominently for AgCl than for NaCli.

(a) The Conduction Band

The conduction and valence band structures of silver chloride and
bromide have been studied extensively by Brown and his co-workers at
Iliinois, The conduction band is of standard form with a minimum at
k = 0. This was shown to be the case by Tippins (11) using a magnetic
fiecld to reduce the spherical symmetry associated with electrical
conductivity in a cubic crystal to a symmetry consistent with the crystal
class, The results showed an agreement with the simple band structure
and correspond to a Hall mobility in excess of 50,000 cmzlvolt.sec. at
20K, at least in the case of one sample of AgBr,»This experiment
observed the component of current density in the direction of an

i3 observasd, (n controst o Ha situction in {
applied electric fieidfaa&haa-thaa the Hall experiment where the
component of ficld is measured in the direction of the current density;
thus there is no Hall potential developed across the sample, It is
assumed that holes left in the valence band would not contribute
appreciably to the current, due to their shorter drift range, especially
at thesc very low temperatures,

(b) The Valence Band

The structure of the top of the valence band for the silver
halides has been studied experimentally, particularly by Brown et al,

(15) and theoretically by Bassani et ai, (16, 23). Although the

detailed shape is not certain, it is clear that there is a minimum
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at k = 0 in at least one crystallographic direction (Figure 2.4);
this leads to the indirect transitions which are observed to stretch
far into the visibie part of the spectrum,

There is littiec doubt that the first strong absorption peak near
5e.v. in AgCi (Figure 2.3[a]), like that in NaCl at 8e.,v. (Figure 2.3
[c]) is due to an exciton state which occurs when there is a direct
excitation of an clectron ina Clion, The exciton state is still
bound to the halogen with a binding energy of a few tenths of an
electron volt, In the silver and alkali halides, the electron is
localized to the ifigands of the chlorine ion due to the strong
polarization of the lattice, whereas in much less polar crystals, such
as copper oxide, the electron is highly delocalized because of the lack
of izttice polarization, This leads to a hydrogenic exciton spectrum
(Figure 2,3[d](19)) where the lines are narrow as a result of the
small amount of interaction between excitons and their surroundings.
The fairly large linewidths in the more polar crystals are due to
strong interactions of the excitons with imperfections such as phonons
and surfaces.

The exciton which occurs in the alkali and siiver halides is
really an intermediate between the Wannier case (e.g. GUZO) and the
Frenkel case (occurring in molecular crystals) where the excited state
is iocalized within the nearest neighbours and is simply a perturbation
of the isolated molecular states, Clearly these two models can be

considered theorctically without much difficulty, but the approximations
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of either case are not applicable to the intermcdiate distorted lattice
configurations associated with polar crystals; (the theoretical
treatment of excitons is considered in some detail by Knox (17)).

The problem of the theoreticai treatment of excitons in polar crystals
is in common with the difficulty of assessing theoretically all charged
dz=fects in these crystals, where the bulk dielectric const&nt cannot

be used.

The exciton peak is split into a so-called halogen ion doubliet
which was first discussed by kott (18, p. 95 of ref. 6). The
excitation of the halogen ion leaves behind a halogen atom with an
unfilied p shelt. The effect of spin-orbit coupling will be to separate
the J = % and J =:?2 states and in the free atom the spiitting 1is
about O.ile.v. in chlorine and 0G.44e.v. in bromine, Since the electron
is not set free but is bound to the halogen atom, only a lower limit
can be established for the splitting. The cneréies associated with the
splitting of the exciton peaks of longest wavelengths in most of the
alkali and silver halides agree$ quite well with predictions on this
basis, This supports the viewpoint that the first optical absorption
peaks in the silver halides arec a "onsequence of direct transitions,

It is much more difficult to state the origin of the higher
energy bands appearing within the absorption spectrum. The first
fundamental absorption is due to the excitation of an electron from
the p states associated with a Ci~ ionjewd various d states of the

+ . PP
Ag ion lie below this in energy. This is discussed by Bassani (16), and
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the valence band part of Figure 2.4 is the result of their calculations,

The exciton can have a considerable mobiiity in the crystal
lattice; it can migrate and interact directly with impurities in the
lattice (2). Since photoconductivity occurs with a high probability
in very pure silver halides when an exciton transition is irradiated,
it can be assumed that the exciton is very iikeiy to interact either
with a phonon at teast down to 77°K because of the strong poiarization
associated with eiectrons and hoies (see 2.3.3 b) or with an imperfection
during its lifetime (24).

The absorption in the exciton band is very high (about 106cm_1)
which is associated with an anilowed, direct transition and a high yieid
of photoelectrons, The absorption in the long wavelength taii is low
(103 to 10% em™!) but the quantum efficiency for the yield of photo-
electrons from photons absorbed is high (2i, 22) which suggests an
indirect or forbidden transition associated with the low osciilator
strength, In such 2 transition, a phonon must be either emitted or
absorbed, emission occurring at ilow temperatures and both processes at
sufficiently high temperatures,

The observations by Brown, hasumi and Tippins on the long wave
absorption edge support the possibie occurrence of indirect transitions
(i5, il). Their results (Figure 2.5) are consistent with the emission
Ee (or absorption g, ot sufficiently high temperatures) of a phonon
with a characteristic temperature of about 90°K; other higher energy

or two phonon processes are aiso possible, There is some structure in
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the absorption at helium temperatures (15, 16) which is smeared out

by vibrations at higher temperatures, It is not clear in which
direction the most important indirect transitions occury the structure
on the absorption edge and the availabie phonons are discussed in
reference 15, Figure 2,4 shows the band structure of two of the
principal directions in AgCl, neglecting spin-orbit interaction,

The beginning of interband transitions would then take piace between
states connected by the dotted arrow (this is the smallest gap).

The covaient character of the siiver halides is particularly
important as it 1s as a resuit of p-d mixing that the maxima in the
valence band occur away from K = 0, Such effects are much less
marked in the aikaii halides which do not possess this low level
absorption extending to long wavelengths,

Electron and Hoie Conduction

The conduction of electrons and holes is often limited by some
sort of 1attice imperfection, Such processes are of primary interest
when studying the effect of lattice defects on the properties of the
crystal. Before describing these processes, it is necessary to discuss
the dynamics of eiectrons and holes in the otherwise perfect iattice,
Extensive work has been done on the silver rather than alkali halides
because of the relative ease with which they can be purified and also
because they arc sensitive photoconductors at low temperatures,

(a) Electron bliobiliity

Two physically distinct electron mobiiities can be measured in a
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crystal and,by studying their variation with temperature, some insight
can be obtained into the conduction process, Although the results of
hole conduction are often abundantly clear, particularly in photo-
chemically sensitized crystals, holes are much more difficult to detect
directly than electrons,

The drift and Hail mobilities for electrons in silver chloride
are shown as a function of temperature in Figure 2,6 (25), The drift
mobiiity (triangular points) is found to be smail at both high and low
temperatures with a maximum in the vicinity of 50° to 90°K depending
on the sample preparation, The decrease at low temperatures is not the
result of scattering processes as the Hall mobility continues to rise
to high values (circles), In zone refined specimens it is found to rise
as high as 20,000 cm?/volt, sec. in AgCl and 50,000 cm2/volt, sec. in
AgBr., This difference between the two mobilities is an excellent example
of multiplie trapping, Fitting of the data shows that these traps have
a depth of about 0.03e.v, and there are about 1012 to 1016 per cm3.
The Hall mobility gives a far better measure of the true crystal
mobility and the variation with temperature can be explained by
assuming phonon interactions, particularly with longitudinal optical
phonons of Debye of the order of 195°K, This agrees well with the
Restrahlen value of about 200°K, (10)., At sufficiently low temperatures
these phonons will become frozen out and one could expect only a small
acoustical -phonon effect. This may be partially responsible for the

change in slope of the Hall mobility curve at about 35°K. &s will be
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mentioned below, this could also be caused by an impurity trap, It

would not be expected that the interaction with acoustical phonons would

be very large because of the localised nature of the poiarization around

the conduction electron, At very low temperatures, impurities certailniy

become important and the mean electron range is drastically reduced (22).
The impurity trapping at low temperatures can be compared with

electric glow data (Figure 2.7) (22). The increase of Hail mobility

with falling temperature is reduced below 35°K and again below 150K

rather more sharply., The electric glow curve was obtained by irradiation

at 10°K without collecting voltage applied to the crystal; a monitoring

potential was applied after irradiation and the crystal was warmed,

Glow peaks were observed at about 15%K and 35°K, apparently corresponding

to the trapping centres responsible for the loss of conductivity,

The 159K peak can be associated with a trap depth of about 0.03e.v.

! which would correspond with

assuming a frequency factor of 1010gec™
the trap postulated as a result of the drift mobility experiment,

This trap is apparently very important; bearing in mind its strong
effect on the Hall mobility, it would appear that it has a large capture
cross-section, but its structure remains obscure., The number of traps
observed may be of about the same number as the number of chemical
impurity atoms in the crystal, so that it is not clear if the trapping
is due to impurities or to some centre with a character similar to that

of the F-centre in alkali halides, However, the available information

about Frenkel defects suggests that there will be only in the region of
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such defects per cm”® at room temperature (27). This would not

imply that the interstitial silver ion was responsijbie for the

trapping unless the numbers are greatly increased by the presence of
impurities or dislocations., The former possibility is a very likely one,
Incipient silver ion vacancies on dislocations (Figure 2,12) will also
provide a possible clectron trap,

The above aspects of the problem will be discussed more fully

later in this chapter,

(b) Polaron Effects

The strong dependence of the electron mobility on phonon
scattering and the cyclotron resonance experiments of Ascarelli and
Brown (24, 26, 28) provide excellent agreement with the polaron
calculations of Feynman et al, (29, 24, 30, 21), The idea of a polaron
has been developed from the proposai by Landau concerning self trapping
of electrons in the alkali halides (31). The conéept of a polaron (the
conduction eiectron or hole together with the polarigation of the lattice
surrounding it) is of general significance and ionic crystals are a
limiting casec (see 32 for example). The lattice polarization around a
conduction electron can be thought of as having a phonon-like character
and the interaction between the electron and the lattice is described
in terms of a coupling constant, &, This can be interpreted as being
roughly equivalent to the number of longitudinal optical phonons

associated with the electron, Transverse optical phonons will normally

have less importance due to the weaker electric field associated with them,
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The coupling constant thus depends on the lattice polarization which

is associated with the differences between the static and optical
g me U

on the[band mass of the electron m

dielectric constants & and65q>,

and also on the longitudinal frequency W giving:

o = _%(_g.e.)?(l - 1 )(m )%
R L Ep MWy

The value of ¢ provides a rather good guide to the degree of the polar
binding in ionic crystals as can be seen in table 2,2 (24), In highly
polar substances such as the alkali halides, & is more than 3 ,
In intermediate cases such as the silver halides, @ is about 1.5; and
in weakly polar substances such as the compound semiconductors, «
is much less than unity.

The cyclotron resonance experiments of Ascarelli and Brown on AgBr
(28), Jﬁ:;h observed the recsonant electric dipole absorption in the plane
of the conduction clectrons in a magnetic field, measured the polaron
mass m, rather than thc band mass m of the bare electron, This is
because the cyclotron frequecncy (7.1010 cycles/sec.) was much less than

the optical phonon frequency (5.1012

cycles/sec,), allowing the
polarization to foilow faithfully the cyclotron orbit, They found

m, = 0.27 m, from the cyclotron data and m = 0,20 m taking into account
the Hall data (21) and the polaron calculations (30). The cycliotron
resonance cxperiments were difficult because of the severe limitation on
electron lifetime below 169K (see Figure 2.7) and Ascarelli's best

. 0
results were obtained at 18 K, If it was possible to observe the electron

mass at frequencics above as well as below the Restrahl frequency,
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this should provide an excellent observation of the polaron effect.

This range of frequencies has been covered in some of the compound
semiconductors, but the effect is small due to the small coupling
constant and the experimentai results are not sufficiently precise (26).
There is thus strong evidence that a siow conduction eiectron in AgBr
is in fact a polaron and that this obeys polaron mobility theory.

As was mentioned in section 2,3,2 b, there is a possibility that

the dissociation of an exciton may be assisted by the introduction of
the polarization energy of a free electron and hole (24). The formation
of an exciton is the result of an optical absorption which takes place
in such a short fime that the polarization of the lattice cannot follow,
Thus, polaron effects are not initially present but the exciton can
possibly dissociate into a frce polaron in the conduction band and a hole
polaron which might be considerably ''heavier', The free polaron state
may not be much above the exciton state in energy, taking advantage of the
polarization gained from the distortion of the lattice.

The range or ''Schubweg" of elc¢ctrons has been measured at room
temperature and below, primarily by transient photoconductivity experiments
(33, 22). Haynes and Shockley find a unit range of electrons in AgCl

4 em? volt~!

of 5.10° , and Van Heyningen's results at low temperatures
show a marked dependence on sample preparation, The maximum range at
80°K was for an air grown sample (1073 cm2 volt™!) and ranges as low
as 10—6 cm? volt_1 vere obtained for samples which had been grown so as

to avoid the possibility of silver oxide dissolving, The principal heavy
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metal impurity is possibly iron in an amount of a few tenths of a part
per million,

(c) Hole hobility

#hile the effects of hole trapping are often observed in silver
halides, it has proved very difficult to observe the conduction of
holes directly in the silver halides, particularly at low temperatures,

1., Theirexperiments ;of Van Heyningen and Brown (22) did not observe
any hole conduction in the silver halides at low temperatures, In silver
chloride, and at low temperatures, Burnham measured a mobility of holes
in AgBr about 400 times less than the electron mobiiity.

The diffusion of positive holes at room temperature was establiished
by Stasiw and Teltow (34), who observed the bleaching of silver halides
containing traces of silver sulphide., The best direct evidence came
from measurements of the dark conductivity of silver bromideg in an
atmosphere of bromine (35, 36). The dark conductivity increases
apparently because the crystal absorbs an excess of bromine; the excess
appears in the form of siiver ion vacancies and holes which are not
trapped by the vacancies at room temperatures. The concentration of
vacancies remains virtually unchanged for small bromine pressures because
of the large Frenkel disorder normaily present, so the increase of
conductivity should be due almost entirely to the presence of holes.
Hanson and Brown have measured the Hall mobility of holes in AgBr by
this technique and have found a value of 1.7 cﬁyvolt.Sec at 279C (37)

which agrees quite well with other measurements (38).
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The drift mobility of holes in AgBr is thus about 40 times smaller
than the electron mobility at room temperature, which provides an
explanation of why earlier experiments were unsuccessful., A combination
of factors such as a high effective mass and a strong polaron effect could
explain the low hole mobility.

More recently, the drift mobility of AgBr has been measured between
220° and 320°K by transit time techniques., The mobility varies from
0.8 cm?/v.sec at 310°K to 2,0 cmzlv.sec at 250°K. At lower temperatures,
multiple trapping begins to set in and there is a characteristic downturn
of the mobility. Below 220°K, deep trapping effects begin to predominate.
Long hole lifetimes ( =~ 100usec at room temperature) were observed in
zone refined samples by allowing impurity or defect centres responsible
for hole trapping to precipitate on dislocations (41).

It is generaily accepted that some efficient hole trapping mechanism
must exist in silver halide crystals if photographic silver is to be
deposited in a crystai, A good example of this is the trapping of
photoproduced holes in the silver halides by copper impurity in a
monovalent state (39, 40).

Ionic Properties

llany of the physical properties of a crystal are associated with
some sort of distortion or discontinuity in the perfectly periodic
crystalline structure, Imperfections can be classed according
to their spatial characteristics: as point defects (discussed in this

section), linear defects or dislocations, planar defects or grain
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dimensional array. N
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boundaries, and macroscopic disturbances, such as occluded particles,

The mechanical strength of a crystal is usually controlled by these
defects, (the effect of point defects is usually rather smail) .
Electricai and optical effects, other than the ones described in the last
section, are usualiy connected with a point defect, In a number of cases
the defects are paramagnetic and it is possible to observe electron
paramagnetic resonance from the unpaired electrons localised on these
centres, Such measurements provide very detailed information about the
nature of the defect and about 1its surroundings,

The Crystal in Thermal Equilibrium

In an otherwise perfect crystal lattice, containing no impurities,
defects must occur for purely thermodynamic reasons, The Helmhdtz free
energy of the crystal must be a minimum if it is in thermodynamic
equilibrium with its surroundings. Although energy must be expended to
form a defect against the cohesive forces of the cfystal, the increase
in entropy resulting from it causes the free energy to be a minimum for
a definite concentration at a given temperature,

The nature of the defects that occur clearly depends on the detailed
nature of the crystal, In the alkali halides, Schottky disorder
predominates, .\ Schottky defect comprises a disassociated pair of
positive and negative ion lattice sites, This is shown symbolically in
Figure 2.8.a for a two dimensional lattice; the square denotes a
vacancy. The ions arec thought of as migrating to surface sites and it

is necessary to have, on average, approximately equal numbers of positive
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and negative sites to provide charge neutrality; otherwise, electro-
static repulsion would inhibit the formation of further vacanciles,

The equality condition wiil oniy be fulfilied when the formation energies
for positive and negative 1on defects are equal,

The Frenkel defect (Figure 2.8 b) is a pair consisting of a
positive 1on vacancy and a positive interstitial ion, or similariy with
negative ions, The siiver halides are an example of the former case
and calcium fiuoride 1s an example of the latter,

If Ef is the energy required to form one Frenkel defect, then
the increase in internal energy in the crystal on forming n such defects
is nEg. If there are N suitable lattice sites in the crystal, then n

ions can be taken from these in N(N = 1)====(N - nt+ 1) = Nt ways
n' (N -n) ! nt

(The n! occurs as order of selection is unimportant), They are put into

n of the N' interstitial sites in Nt! - ways, There are thus
(N* - n)! n!

W ways of forming n Frenkel defects in a crystal, where
1 e
i = <. L 2.1
(N = n)t(N* = n)! n! n!

The increase in entropy (S) on forming n defects is given by the
Boltzmann relation § = k log ./ 2:2
and the associated change in Helmholtz free energy is:
F=U-TS 23
The equilibrium state is found by minimizing this function at constant

temperature, i.e,
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When 2.1 1is substituted in 2,2, the factorial terms can be
simplified by using Stirling's approximation, as large numbers are
involved.

logx! ~ xlogx-x

Substituting 2.2 in 2.3 and performing the partiai differentiation

yields:
Ef - kT log (N-n) (N' -n) _ 0
n?
1
i.e. n ~ (NN exp (- Eg/2KkT) 2.4

assuming n << N, N!

2.4 is in fact the result which would be obtained by using the chemical
"iaw of Mass Action'', with the exponential term as the equilibrium
constant,

The possibility of a process taking place depends very strongly on
the magnitude of Ep (or in the ease of a Schottky defect where the
calculation is simiiar, on the formation energy of the defect pair),

If the crystal lattice was compietely rigid, the magnitude of the defect
formation cnergy would be in the region of the cohesive energy of the
lattice (i.e, above 8e.v. in table 2.1), The poiarization energy of the
surroundings of the defect can be almost as large as this, and the
resulting energy Jf formation of defects is often in the region of

1 to 2e.v.

Schottky disorder occurs in the alkali halides because of their

simple lonic nature - interstitial lattice sites are not available without
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distorting the lattice unduiy. According to Jost (42), the silver
halides prefer the Frenkei mechanism, Here the Van-der-waals forces
are larger and these favour the occurrgncc of interstitial cations
rather than anion vacancics, The existance of intersiitials is very
seriously affected by the difference in the symmetry of the closed d
sheii of the silver ion and the closed p shell of alkali metal ions,
The difference between the shell and ionic radii couid then be
important (43)., Jhile it is possibie for both Frenkei and Schottky
mechanisms to occur, only Frenkel defects have been definitely observed
even at temperatures near the melting point (44, 45) ., The activation
energy for the formation of Frenkel defects in AgCl is 1.4e.v, (45)
and in AgBr it is l.le.v, (46).

The Effect of Impurities on Thermodynamic Equilibrium

Once the Frenkel defects are formeq the silver haiide crystal
becomes a good ionic conductor and by measuring the variation in
conductivity with temperature, it is possible to assess the importance
of this type of conduction, Impurities, particularly those with a
valency different from that of the host constituents,will disturb the
symmetry of the lattice and disturbance of the charge symmetry will have
a very substantial effect at sufficiently low temperatures, depending
on the impurity concentration of course,

If it is assumed that the crystal contains divalent positive
impurity ions in the concentration n,, that the concentration of silver

ion vacancies is n, and of interstitial silver ions is n', then for
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electrical neutrality,

n  + n' =n 2.5
If the crystal is in thermodynamic equilibrium with its surroundings,
then the Law of Mass Action is satisfied, i.e,

nn' = K¢ 2.6
where K¢ is the equilibrium constant and will take a form simi)ar to
that in equation 2,4, (This will be modified at low temperatures where
effectively-another constituent will occur due to the association of
vacancies with the impurity ions (2); this is usually important only
below room temperature ),

Eliminating n' from 2.6 and 2.5 gives

2
no= Do F (N k)3 2.7a
4

or eliminating n

[

5 2.7b

At low temperatures Kp is negligible so that n = n and conductivity
will depend on the diffusion of impurity induced silver ion vacancies,
At high temperatures, KT is large with respect to nx2 and the thermally
generated vacancies determine the conductivity, This sort of effect is
well known in many crystals (e.g. the alkali halides) and the electronic
analogue is found in the case of semiconductors,
: . slue Te
In the silver halides, however, electrolytic conductivity -ef—the-

silver ion vacancies is far lower than the conductivity of interstitials.

The diffusion of a defect can be thought of as overcoming a potential
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barrier between one si:e and the next, This potential is known as the
activation energy Ea for migration of a defect and the probability

of a jump will have a dependence on Ea and on the lattice temperature,
The probability per second (177) is given by (3):

YV = 1)0 exp ( - Ea /1) 2.8

when Lais the atomic vibrational frequency. In this way an
expression for the diffusion taking place in a crystal can be found and
on applying the Einstein relation which associates a mobility with
the diffusion, the ionic conductivity is found to be:

g = (No e pva2/ kT) exp ( - Ea/k) 2.9
where Ny is the number of ions of the species in the crystal per
unit volume, p is the fraction of atoms able to move and a is the lattice
constant (3).

The values of Ey for the silver vacancy site are found to be
0.39e.v. in AgCl (47) and 0.25e.v. in AgBr (46), and for the
interstitiai site 0,10e.v, in AgCl (47) and O.lle.v. in AgBr (46).

The effect of the very different conductivities for the two
mechanisms is shown particularly well by such experiments as those
of Teltow (47, 27) where cdtt is introduced into substitutional sites
in the crystal and instead of increasing the conductivity of the crystal
it is reduced for small concentrations of cadmium at relatively low
temperatures, as is shown in Fig, 2,9, This is because the effect of
the cadmium is to reduce the equilibrium concentration of interstitial

silver ions as is shown in equation 2,7 b and it is only at higher
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d*t that the lower mobility of a much greater

concentrations of C
quantity of vacant sites produces a larger conductivity,

Electron Trapping and Defect Centres

It is to be expected that impurity centres wiil have a marked
effect on the crystai's electronic conductivity., A suitably charged
centre would be expected to provide a trap for electrons or holes
and even when no trapping can take place, the effect will be a
strong scattering, which will reduce the electron or hole mobility,

Such trapping occurs very strongly in the alkali halides at the
vacant lattice sites forming an F-centre. when an electron is trapped
at a vacant halogen site and a V-centre when a hole is trapped at a
vacant metal site, HMany more complex centres can be formed on suitable
treatment of the crystal, particularly when impurities are incorporated.
In general, the centres are classified according to optical absorption
bands which correspond to electronic excitation of the centres, A very
considerable amount of work has been carried out on imperfections in
the alkali halides; references 2 and 48 review the state of this
subject.

dhile similar centres must exist in the silver halides, no direct
identification has been made either of the thermaily induced centres
or of these when eiectrons or holes are trapped, even at low
temperatures. There appear to be no characteristic absorptions in the
optical absorption spectrum although it is doubtful if the investigations

Ah(‘J,A
have been carried fa§Zinto the infra-red, The only absorption which
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can be observed is that of colloidal silver particles in suitably
prepared crystals - this is ciscussed in the following section,

Silver chloride and bromide exhibit an efficient characteristic
visible iuminescence at low temperatures; this is quenched by
thermal activation above 180°K in AgCl and above 77°K in AgBr. This
effect is not as yet well understood but it is of considerabie interest
and has been investigated quite extensively. Wiegand (58) suggests
that the process is possibly connected with the transport of carrié};l
irradiation leads to electrons and holes in the crystal, The holes
are first trapped at silver ion vacancies which later act as
recombination centres for the conduction electrons, The luminescent
emission spectrum has been investigated by Vacek and others (59) in
pure and doped AgCl and they observe a doublet structure in the band
extending from 450 to 550 my which could be due to an exciton on a
lattice vacancy, and on a dislocation jog (59) or else it may reflect
the exciton structure seen in optical absorption (11), Sonoike and
Akimoto have observed a number of bands which are common to various
impurities and so would appear to be connected with crystal defects
rather than impurity sites (60). Various emission bands are
atributed to silver vacancies (545 my), interstitial silver ions
(520 my); one possibly due to thermally decomposed silver atoms (620 mu)
and a peak at 485 my which may be due to shallow electron traps at

dislocation sites,



2.4.4

- 30 -

The Colloidali Band

Optical colloid absorption bands are well known in many ionic
crystals including the alkali halides; conduction electron spin
resonance has been observed in many of them - in particular when the
spin-lattice relaxation of the conduction electrons is sufficiently
long, in Li, Be, Na and X, Lithium colloids form very easily on the
irradiation of lithium hydride and this was the first occasion when
conduction e.s.r, in such colloids was observed (49). The case of
lithium in lithium fluoride is particularly useful as a '"g-value
marker" in e.s.r.; Kaplan and Bray (50) found that Li colloids formed
when crystals were given very heavy neutron doses (= 1020 per cmz)
and on annealing at 730°C the single e,s.r, line narrowed to not more
than <03 gauss with a g-value of 2,00229 S +00001, extremely close to
the free spin value,

Conduction e,s.r. of siiver coiloids in AgBr has been claimed
(51) but ail attempts to repeat this have been completely unsuccessful,
It should be noted that these results were obtained using a highly
impure AgBr powder sample (the impurity would probabiy be in the region
of 1%, but no measurement was made of this),

The optical absorption by colloidal particies was originally
treated by Mie in 1908 (52, 53) who applied his results to suspensions
of gold particles in liquids. The "latent image" or colloid
absorption in the silver halides was first observed by Hilsch and Pohl

(54) and has been extensively investigated since then., Some dichroism
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Wavelength dependence of optical extinction calculated as
a function of particle radius (given in %) for sodium spheres (57).
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was observed by Rohloff on rolied specimens of AgCl, where the
colloidal silver particles would be distorted (55). A similar effect
would presumably occur if preferred orientation of non-spherical
particles took place,

A physical explanation of the colloid absorption process has been
put forward by Doyle (56, 57). It is due to a frequency dependent
local fieid within the particle which is a result of the variation of
the internal dielectric constant with frequency. Doyle also put forward
the alternative explanation that the absorption is due to a bound plasma
resonance of the conduction electrons in the colloidal particles as
a whole. He points out that conditions are the same (i.e. depending
on the real part of the complex dielectric constant of the metal which
falls to zero at the frequencj?;nset of the u,v, transparency).
Doyle'!s theoretical results for sodium, which is electrically "well
behaved'" are shown in Figure 2,10, The wavelength dependence of opticai
extinctions is given as a function of particle radius in R.;
the absorptions are of an electric dipole character but he predicts
that for the largest particles there will be some electric guadrupole
contribution at shorter wavelengths,

Properties of Certain lietailic Ions as Impurities

The effect of many different ions in the silver halides have
been investigated, particularly in relation to the photographic process.
Much of this work has becen of a phenomemological or chemical nature

and the physical processes involved have remained quite obscure.
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A commercial photographic emulsion is exceedingly complex and is often
only accessible for investigation after the system has been drastically
simplified, HMost of the important processes which take place occur on
the surface of the crystal grains in the emulsion and it is in

general on the surface that sensitization of the grains for absorption
of radiation occurs, Important processes can however take place

away from the grain surface, and it is in such processes that
experiments with iarge crystals, or crystal plates can be of consid-
erable importance, Many of the physical processes taking place in
photographic systems are discussed by Mitchell (61) and although this
work is very incomplete, and some of the conclusions may be inadequate,
it provides an excellent guide to the physical nature of the problem,
Some mention of Mitchell's approach to the subject is given in 2.6,

The effect of anions such as oxygen, sulphur, selenium and
tellurium in the siiver halides has been investigated extensiveliy by
Stasiw and his co-workers (62), but the details of this work are
beyond the scope of this thesis, Among the many cations which have
been investigated are copper, iron, manganese, goid, cobalt (63) and
nickel (63, 64); of these the first four will be described.

(a) Copper

It is found that when copper is incorporated in silver chloride
crystals which are annealed in a reducing atmosphere, the crystal is
highly sensitized for the formation of an internal latent image (i.e, on

irradiation in the exciton or conduction band at room temperatures,
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there is a large amount of colloidal silver formed in the crystal)
(65, 66, 67). Annealing the crystal in an oxidising atmosphere
(chlorine) removes this photosensitivity.

* in freshly chlorinated

Tucker observed the e,s.r. spectra of Cu+
samples (68). He found that three complexes could occur: in samples
cooled quickly from room temperature to liquid nitrogen temperature,
the dominant one is that of a Cu'™ ion substituted for an Ag  ion.
Apparently all of the surrounding lattice sites are occupied and there
is a Jahn - Tellier distortion along a <l00> axis, One of the other
centres has a similar but larger distortion and this is attributed to
a vacant next-nearest neighbour silver ion lattice site (<100> direction)
The third centre is due to Cu™ with the nearest neighbour silver
lattice site vacant (<l1i0> direction), Larger numbers of the latter
two types of complex can be obtained by cooling the crystal slowliy
from room temperature, This allows the thermally dissociated silver
ion vacancy to associate with the charged copper ion - the binding
energy of this complex is only about 0,2e¢.,v, (27). Palma and his co-
workers found that irradiating Cu® doped crystals with the 436 my Hg-
line at room temperature formed centres similar to those described
by Tucker (39, 69). They found that darkening increased on irradiation
but afterwards the e,s.r, signal decayed over some hours and could be
restored on reirradiation, The Cu+ ions apparently act as a hole trap

and electrons combine with silver ions at suitable sites to provide

the darkening, This is in agreement with the mechanism put forwsard
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by Mitchell for photographic sensitivity (2.6). This work showed

the importance of using light which would penetrate the crystal for
irradiation; earlier experiments using u,v, radiation produced ruch
less stable centres on or close to the crystal surface. The decay of
the e.s.r., signal is probably associated with a loss of resolution
implying an interaction with other Cu'™ ions (70).

More recent work by Burnham and Moser has shown that in well
prepared crystals with a relatively low concentration of Cu+ (less
than 1017/cm3; Palma's samples contained about 3 x 1018/cm3), the
e.s.r. signal obtained on irradiation is fairly stable at room
temperature and the lifetime is short only above 180°C (40) .

It would appear that Cu+ ions provide a deep hole trap, while in
halogenated crystals Cu++ ions act in some ways as an electron

trap (71) (presumably the process where an electron associated with
the interstitial Agt—liberated when a hole is captured by Cut-is

more probable in the Cu+ doped specimens until sufficient Cu++ centres
are formed),

The stability of the e.s.r. signal from the Cu’' ions in
irradiated Cu+ doped crystals and in Cutt doped crystals is destroyed
by straining the samples and this presumably accounts for the lower
stability of Palma's and Tucker's signals,

Apparently an aggregation of Cu++ centres takes place;and it would
appear that this is related to crystal dislocations at room temperature

that
;uuysomc process must occurswhere the Cu++ ions may be redispersed by
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optically bleaching the absorption attributed to them,restoring the
e.s.r, signal (72).

In conclusion, the investigations on the system AgCl : Cu have
demonstrated the relevance of hole trapping mechanisms to darkening
of the silver halides and the importance of dislocation processes
as well as purely electronic and ionic phenomena,

(b) Iron

There has recently been some investigation of the effect of
iron dissoived in the silver halides, This has some importance
principally because it has proved difficuit to remove it from other-
wise pure samples of the host, There is thus likely to be present
(perhaps in quantities of about 0,1 p.p.m,) some iron in nominaily
pure crystals and it must be remembered that some of the properties
described in 2.3 are perhaps the result of iron impurity in the
crystal as much as properties of the silver halide itself. This will
be particularly important in the case of low temperature mobility
experiments,

Brown and his co-workers have observed an increase of electron
trapping in crystals doped with iron (73)., Recent work has been to

investigate the nature of Fc3+

centres in the silver halides using
e.s.r, techniques, These centres were obtained by annealing doped
crystals in the halogen at around 400°C and quenching them to liquid
nitrogen temperaturcs (74, 75), One state has been observed: that of

6

S5b! in a cubic environment. There is a partly resolved hyperfine
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interaction with the halogen ligands in the Ms = -3 =>4 1 fine
structure transition (Figure 7,i1), Maximum resolution is in the
<00> crystallographic direction and Hayes has fitted the

absorption line-shape using an independent bonding model to an inter-
stitial Fe3T ion co-ordinated with four tetrahedrally placed halogen
ions on normal lattice sites (FeC14)— (Figure 8.1). It is necessary
to include a large quadrupole contribution to obtain the correct

type of splitting, The ENDOR spectrum of (FeC14)' has been observed
by Garth (76); his results essentialiy confirm those predicted by

Hayes (table?3),

. : , . 3
Table 2.3 Parameters (i) of the Spin Hamiltonian of Fe in AgCl

and AgBr.
Lattice g a A B P
(ii) (ii)  (1i)  (iii)  (ii) (iii) (i1)  (1ii)
AgCl 2,0156 +75.0 3.3 3.85 2.0 ,2.28 (-)i.0 1.91
t0.0004 1 0.3 t0.5 %0.06 0.5 -0.04 *o0.5 to0.04
AgBr 2,045 (iv)  16.2 7.8 (+)3.8
*6.005 .5 s ti.5

(i) The various parameters have their usual meaning and a, A, B and P
arc in units of 10~%cm™', The sign of a is from measurements at
1.39K (76).

(ii) From reference 75,

(iii) From reference 76,

(iv) No fine structurc has been observed, possibly because of crystal

imperfections,
There 1s apparently a considerable amount of covalent bonding in

the 1ion (FcCl4)- and supporting this model, this complex is found to

exist in molecules with a high stability,
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Hayes proposed the model which is shown in Figure 8.1 for

+ . . ; .
this centre; the Fe3 ion is in an interstitial site with the
ebsent
tetrahedron of four nearest neighbour Agtﬁ This 1is supported by

measurements of thetgggﬂLtemperaturejionic conductivity'as predicted

by Hayes et al. and more recent measurements by Slifkin with large
annealing pressures further support the interpretation (77),
ENDOR studies of the chlorine (76) and silver (78) nuclei surrounding
the complex have confirmed this model.
apparently the stable state of iron in the silver halides is the
ferrous one (Fe2+) in a substitutional site, as is the case with Cu2+,
N12+, C02+, and 1n2* (68, 64, 63, 79). The measured ionic conductivity
of crystals also corresponds to one silver ion vacancy associated with
each Fe2+ ion (75, 27). Bottger (8), ciaims to have observed dipolar
absorption in AgBr, due to an Fe2+ ion with an associated silver ion
vacancy (2.2.2). Koswig and Kunze have observed the optical
absorption spectrum of Fe2+ in AgCl and AgBr in both low and high
concentrations (where aggregation occurs). Their resuits for the dilute
phase agree with the Fez+ model with an associated distortion (80),
No observation has been reported of e,s.r, of Fe2+ in AgCl, perhaps
because of the likelihood of line broadening by lattice defects (81).
Hayes proposes a process for the conversion of Fe2+ to Fe3+
during a high temperature anneal in chlorine. This will be described
in Chapter VIII where the results obtained with irradiated AgCl : Fe

will be discussed.
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(c) DManganese
/. number of workers (82, 83, 79) have studied the S-state ion
Mn++ in AgCl using e.s,r, techniques., The results are not significantly

different from those with an+ in alkali chlorides (84), Daehler

(79) observed isolated MnZt

centres and centres distorted by a next-
nearest neighbour silver ion vacancy in a <100 > direction, depending
on how the crystal was cooled, as with copper. He aliso observed a very
broad absorption (x~ 750 gauss near g = 2) which he attributed to an
aggregation of the manganese centres, This work has been pursued with
AgBr Mntt but so far no results are available due to the large line
width of the manganese resonance in this host,

Some e.,s.r, studies were made on AgCl : Mn during the investigations
on silver chloride which are the subject of this thesis, The results

obtained appear to agree with Daehler's, but they were not continued

in detail because of Daehler'!s almost identical work.

Little work has been done on the physical properties of gold
dissolved in the silver halides. It is used extensively in commercial
photographic emulsions to increase the sensitivity of the emulsion
for incomplete development, It apparently acts on theiém!£§£99<8t§§9>/

/EG;F;EE\and is probably associated with sulphur ions, i.e, adsorbed
as aurous sulphide (61)., It is unlikely that the subject would be
directly useful in this thesis, particularly because it has bcen

studied empirically as aigggggggigﬁzﬁizZT phenomenon'with little
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reference to the physical processes involved.

Mitchell has investigated the decoration of dislocations (2.5.1)
by Ag and Au in the silver halides (85) and a brief description of
the use of gold in this context will be given,

Chemically, gold occurs in a monovalent (aurous) state or in a
trivalent (auric) state. / divalent form, analogous with divalent
copper or silver does not normally occur as a stable chemical species;
e.,s.r, of divalent gold complexes~may:;:;e been observed under special
conditions (92), Gold forms chlorides in both its states, and in
such substances as chloroauric acid (HAuCl4) the plonar complex
(AuCl4)_ is quite stable.

Bartlett and Mitchell prepared their crystals by adding up to
0.1 Mol% of auric chloride to molten AgCl under an atmosphere of
hydrogen chloride., They expected it to go into the crystal as
aurous chloride, Before examination, they annealed the crystals for
6 to 12 hours under 200 to 300 mm, Hg of chlorine at 3500C.

snncaled crystals containing 107}

i01% of AuCl which had been briefly
irradiated through an AgCl filter (to remove strongiy adsorbed
wsavelengths) , darkened in exposed areas in a matter of a few weeks at
room temperature and in a few minutes at about 150°C. The darkening
was apparently duc to the separation of platelets of gold. Later
experiments with lower concentrations produced no such separation

probably because the gold diffused out of the crystal in the anneal,

They then annealed the crystal in chlorine in the presence of gold
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which on exposure and thermal development produced excellent
decoration of dislocations,

Mitchell points out that the system is in a metastablec state
of high frece energy at room temperature, and that the free energy is
lowered by the separation of platelets and the liberation of the
halogen, This would occur when the AuCl had a much lower solubility
in AgCl at room temperature than at 4000C. It would appear that the
sort of mechanism which occurs on thermal development is analogous
to that of chemical development to produce silver (61). The irradiation
forms somec nucleus, similar to the latent image (2.6), and gold ions
which probably difiuse through the crystals by way of the interstitial
positions are adsorbed to the nuclei to charge them positiveiy. This
is followed by the transfer of electrons from halide ions with the
creation of positive holes., Gold atoms are thus added to the nuclei
and positive holes and vacant silver ion lattice sites diffuse to the
surface where halogen molecules are formed and can escape (85).

The best decoration was observed within a fraction of a milli-
meter of the crystal surface. In the interior, the contrast was not
good due to a general scparation of fine particles of gold as well
as the decoration,

The optical colloid absorption of AgCl : /w is described in

Chapter VII.
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figure 2.11
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2.5.1

= 4] =

Dislocations

Although crystal lattice dislocations have their greatest
significance when such subjects as lattice strength and crystal growth
are being studied, they can have considerable effect on the character
of ionic processes which occur in the crystal, A brief description of
dislocations will be given to indicate the sort of processes which
may be important,

General Description (3, 86)

The concept of a dislocation in a lattice is of a linear defect
in the cubic arfay. Its best description is obtained from a study
of its formation. In the centre of Figure 2,11 is the starting
material, a perfect, undeformed simple cubic lattice (taken for the
sake of clarity). Suppose this lattice is cut along any of the planes
indicated in the auxiliary cubes, then the atoms on one side of the cut
are shifted in a direction parallel to the cut surface through a
distance cqual to one atom spacing relative to the corresponding atoms
on the other side, The atoms on either side of the cut are then
rejoined and the new, distorted lattice is shown in the outer figures,
The lattice structure itself is actually almost perfect except near
the lines A\ of the various figures, The line AA is the dislocation
line, If the atoms over the cut surface are shifted in a direction
perpendicular to the line Al an edge dislocation is created; if the
shift is parallel to A\, a screw dislocation is created; if the shift

is at sone other arbitrary angle to AA, the result is a dislocation
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of mixed character. In general, the line AA need not be straight and
the dislocation can vary between the two extrenes,

An edge dislocation can be simply visualized by inserting an
additional half plane of atoms in the crystal. A screw dislocation
can be thought of as a spiral ramp about the dislocation line.

The planar lattice defect which is called a small angle or sub-
grain boundary can be constructed from arrays of dislocations,

A tilt boundary is made up of a series of edge dislocations and a
twist boundary is an array of screw dislocations, Such boundaries
are likely to exist in a nominally single crystal. They can be
observed using X-ray crystallographic techniques or else the dis-
tortion of the lattice can be observed in polarized light in the
transparent crystal when the boundary angle is sufficient,

As was previously mentioned, the prime importance of dislocations
is connected with the mechanical strength of crystals, Plastic slip
processes can occur many orders of magnitude more easily when
dislocations are present in a crystal than in a perfect crystal; the
silver halides are an excellent example of this, They have a
consistency akin to e4+ff cheese and clearly the lattice energy is not
directly playing much part in naintaining the lattice as the melting
points are over 400°C. It is not possible to cleave the crystals
and these properties lead to many problems in handling single crystal
specimens,

Frank has proposed mechanisms which greatly increase the speed
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of growth of crystals -~ the presence of screw dislocations on a
crystal surface mean that no new lattice planes need be formed;
the crystal grows on the '"ramped' single plane.

Dislocations can be observed directly in a number of ways:
by direct observation in metal films using electron microscopy;
by decoration techniques, which were originally developed by Mitchell
in his work on the silver halides; and by observing the etch pits
which occur where dislocations emerge on crystal surfaces which have
been trcated with some etching solution, The latter two techniques
have been used very extensively on the silver halides and much has
been learned about the properties of dislocations from this work,

Interactions with Point Defects

(a) HMechanical Effects

Dislocations are surrounded by a mechanical stress field whose
magnitude decreases as a function of distance. An impurity atom,
having a radius somc-what different from that of the normal atoms,
will produce a local disturbance of the lattice, i.e., a stress field,
In this way, an interaction between the dislocation and the impurities
will occur, Cottrell (88) proved that in first approximation, only
edge dislocations interact with impurities and that a cloud of
impurities, the so called "Cottrell Atmosphere", will be formed around
them, Naturally, migration is only possible when diffusion is possible
and if the temperature is too high, thermal agitation makes the number

of atoms leaving the atmosphere the same as the number entering and
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the Cottrell atmosphere more or less vanishes, Cottrell calculated
that, in a well annealed, undeformed crystal, with about 10ppm, of
impurity, all the dislocations (about 105/cm2) will be saturated,

The Cottrell atmosphere has important effects on the mechanical
strength of the crystal,

It should be noted that dislocations are not created under
conditions of thermodynamic equilibrium, so that, once they have been
created, correct annealing will not restore the perfect lattice.
Annealing will, however, allow some opportunity for associated point
and near point defects to minimise their free energy.

It may also be possible that impurities can migrate along
dislocation lines with a lower activation energy for diffusion than

in the crystal lattice.

(b) Electrical Effects

Two dislocations can intersect in any one of a large number of
ways, There are a variety of ways in which one dislocation can move
past another but the result is often that a trail of vacancies or
interstitials is created, The crossing of two screw dislocations at
right angles produces a row of vacancies, Another casc is";aé;é4€#;
parallel edge dislocations of opposite sign meet and annihilate one
another, If they fail to mcet by one lattice spacing, for example,
then a row of vacancics is again produced. (This latter case is not

a very likely one but it is very simple to visualize). The interaction

of dislocations in a straining process will thus produce many vacancies
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and interstitials in the lattice. They will presumably diffuse

away subject to the thermodynamic state of the crystal, It was
pointed out by Seitz (89), that a row of negative ion vacancies is
indistinguishable along an edge dislocation from a row of interstitial
positive ions which have condensed at the edge of the dislocation,
Annealing the crystal should restore the thermodynamic equilibrium

to some extent,

Aanother rcrult of the interactions between dislocations is that
discontinuities or steps in the dislocation lines can occur, These
are known as jogs when the step moves the dislocation from one slip
plane to another and as kinks if the dislocation remains in the slip
plane; a Jjog can only be eliminated at temperatures high enough to
permit '"climb" of the dislocation (i.e. when the dislocation can
become a source or sink for vacancies), There will be a large number
of jogs and kinks immediately after plastic deformation but in time
the number will fall considerably,

A very important property of dislocation jogs and kinks in
ionic crystals is that they carry an electrical charge of i'e/2, where
e is the ionic charge (89), so that they can take part in the trapping

of electrons and holes, and of mobile ions in the crystal,

Figure 2.12
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Figure 2.i2 is a simple demonstration of the fact that what is called
an "incipient halogen ion vacancy'" has a charge of e/2. The row

of ions represents an extra strip on the edge of an edge dislocation

in a crystal of the NaCl type, running in the <i00> direction,

The squares represent two incipient haiogen ion vacancies at the points
where the dislocation jogs. The row possesses an extra charge of +e
which may be regarded as being evenly divided between both ends and
hence the incipient vacancies,

Dislocations as a whole will be charged if their surroundings
are in thermal equilibrium and there is an excess of incipient
vacancies of one sign, This will occur whenever the energies of .
formation of vacancies (or interstitials) of both signs are different,
For electrical neutrality to occur, the dislocation will be surrounded
by a '"'"Debye-HUckel'" cloud of vacancies or interstitials having a net
charge equal and opposite in sign to that of the disiocation, This can
be described as an "electrical Cottrell atmosphere'. hen divalent
impurities are present, the magnitude of the charge of the dislocation
‘is modified and can even be reversed (90).

McGowan (91), has demonstrated that moving dislocations in AgCl
carry a negative charge, using an indentation technique to produce
a strong inhomogeneous stress field,

It is a matter for speculation what effects dislocations will
have on the electronic properties of silver halides. The distortion

will relax electronic transition selection rules (89), as well as
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disturbing the band structure, The 750K peak in the glow curve

(Figure 2.7) may be associated with dislocations in some way (22).

Photographic Sensitivity

A; has been previously mentioned, the silver halides, often as
mixed crystals of chloro-bromide or browo-iodide, form the basis of all
photographic emuisions., The crystal grains are suitably '"'sensitized"
which usually means they are treated chemically to form the sulphide
on the surfaces and also with dyes to convert the lower energy (red)
radiation to some form with which the surface will interact, The
emulsion is then formed by suspending the sensitized grains in
gelatine,

It is not intended to describe the sort of very complex processes
which must take place in such an emulsion, The theories put forward,
however, principally by Mitchell (61, 92), go some way to providing
an explanation of both surface and volume effects although it is not
in place to give a criticism of them,

Two properties of silver halide crystals are particularly
important in their ability t)> form a photographic image, which is the
accumulation of very small particles of silver, Of prime importance is
the ease of formation and the high mobility of interstitial silver ions
(2.4.1 and 2); following this is the ability to absorb reiatively low
energy radiation (2.3.2) with the efficient formation of electrons
and holes (Gurney - liott theory)., In some way, electrons and silver

ions combine within the lifetime of the conduction electrons and a
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"latent-image speck'" is formed, At some stage of the process, this
speck is stable and is ''developable', i,e, it can be developed
chemically from microscopic to macroséopic dimensions,

Following on the suggestion by Secitz regarding the half ionic
charge on incipient vacancies (2.5.2 b), Mitchell has evolved a largely
qualitative theory which appears to fit many of the properties of silver
halide crystals (6l1). His theory is based on the parts of the Gurney -
Mott theory mentioned above with a recognition of the importance of
crystal dislocations as sites for the formation of the image. He further
assumes that it is in the incipient vacancy beside the silver ion jog
sites (or similar surface sites) with the charge e/2 that the latent
image starts to form, Seitz suggests that this will trap an electron,
but Mitchell proposes that in fact an electron will only be efficiently
trapped after an interstitial silver ion has diffused into the vicinity
of the jog. This is perhaps not too unlikely as the +e/2 trap will be
very shallow at room temperature due to the polarization of the
surrounding lattice; (NMitchell (61) estimates 0,05 to 0.02e.v.).

This small repulsion may well be balanced by a mechanical Cottrell
attraction (2.5.2,a). The lifetime of this silver atom in a site next

a jog is apparently limited (Mitchell estimates in the region of lsec)
and this process must be repeated to form a more stable pair of silver
atoms. A latent image speck is formed by the further addition of an
interstitial Ag+ ion and a conduction electron in that order., This will

decay on prolonged storage., Illitchell then postulates that at room
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temperature, groups of three or more silver atoms adsorb adjacentzﬁgg_
sitessilver ions and thus become positively charged. The compensating
negative charge is provided by vacant silver ion lattice sites in the
neighbourhood.

Crucial to Mitchell's argument is the fate of positive holes,
If they are likely to be trapped by the image as it builds up, a
regression will occur and the quantum efficienty is drasticaily reduced
below what is often observed. Holes have a considerably higher mobiitity

2 -
than the interstitial ions =~ 1 cm volt 1Sec-l

4

compared with
5 x 107 cm?'volt“lsec"l for Ag+ interstitials in 4AgBr (2.4.2).

It is thus essential that very efficient hole traps should
exist; in the pure silver halides they do not, so that their photo-
sensitivity is very low, hen a hole is trapped by a suitable site,
to maintain charge neutrality, a silver ion wiil be reieased which can
diffuse by the interstitialcy mechanism to a point where it can
contribute to the latent image, When the hole is trapped on or is
close to the surface of the crystal, it can join with another trapped
hole and silver ion vacancy to ailow the formation of a halogen
molecule,” While gas may under some circumstances form within the crystal
(perhaps on internal imperfections) this woulid not seem very likely and
it would appear that the release of halogen depends on the ability of
silver vacancies to diffuse to the surface, This matter is not at all

clear but it may be a limitation on the formation of the internal

latent image. Even if image formation takes place in pure crystals,
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it will only occur very slowly at room temperature due to the
relatively small number of Frenkel defects in the crystal
(=~ 1012/cm3 in AgBr).

The case of e’ doped AgCl described in 2,4,5,2 is an excellent
example of the action of a hole trap assisting the formation of a
latent image. On the othcr hand, e in igCl acts as an electron

trap and this inhibits formation of the image.
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CHAPTER III

THE PRINCIPLES OF E.S.R, SPECTROSCOPY

The Resonance Condition for an Isolated Electron

Since an electron is a charged particle, its motion in an
applied magnetic field constitutes an electric current with a related
magnetic moment, There is thus a magnetic moment p associated with
the angular momentum J such that

g ==rd
where the constant of proportionality y is called the ''gyromagnetic
ratio'", Guantum mechanically, the justification of this proportionality
for all states with given J is by the Wigner-Eckkart theorem,

This angular momentum need not have an entirely spatial character
and in general it is a combination of the spatial moment with the
intrinsic spin of the electron and its corresponding magnetic effect,
For the sake of simplicity, a description will first of all be given
of the interaction of an isolated electron in a steady magnetic field
with a perturbing oscillating magnetic field, Such a situation is
correctly described using a quantum mechanical treatment but a classical
treatment is of great use in some applications especially when
considering relaxation and rapid passage effects, The classical
description succeeds'because the spontaneous emissions which can occur
from the excited states of a quantized system are negiigible in the
practical conditions of a typical resonance experiment.

Induced absorption and stimulated emission processes are completely
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dominant due to the large numbers of photons emitted even from a
relatively low power source,

(a) Quantum Mechanical Treatment

The application of a magnetic field H to an electron with
magnetic moment p leads to the Hamiltonian
A =-pn.H 3.4
For an electron with spin angular momentum s h(s = %) this takes

the form

A = gBs.H 3.2
where g is the spectroscopic splitting facior and B is the Bohr
magneton, The components of H are

H= (ZHICOS wt ,0,H,) 3.3

(H1 << HO)

where Ho is the static magnetic field in the z direction of the
laboratory frame, It is the axis of quantization of the spin moment
and in the absence of the microwave field ZHl Cos wt, the Hamiltonian
(fyo) has the two eigenvalues t %gBHo corresponding to the two
values of s, ( = T 3),

The microwave field can now be included as a small, time dependent
perturbation to induce transitions between the two states, The
perturbation Hamiltoniaa f%i will have the form

#F| = 8BsHy 3.4

and the eigenfunction of the electron at time t will be

7b(t) = al(t)/-%>cxp (-iwlt/h) ¥ az(t)/+%>exp (-idt/R) 3.5
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where « and JZ are the eigenvalues of Ho’ al(t) and az(t) are the

1
normalized probability amplitudes. It is the variation of these
probabilities with time that is of interest here and this will follow

from the application of the time dependent Schrodinger equation:

(A, +#) = in gL

The probability of finding the system in the } + %> state at a time

t >0 1s to the first order

Eg—>% = ’az(t)] 2 - 48252H12 < +%' le -%>2,[Si@30214p)t£2] 3.6
(6 =)
where wz1 = (Jz - Ni)/ T

The function [ ] only has an appreciable value when w R Wy,
for times which are not too short, This then is the condition for
resonance; the matrix element <+% 'Sx‘ —%> leads to the selection
rule A m, = Y1 for magnetic dipoie transitions, The Hermitian
character of the Pauli spin matrix §  means that P[(m + 1) ->m] =
P{m—> (m + lﬂ, i,c, that induced absorption and emission are equally
likely.

The above conditions will be disturhed if the microwave field
Hy is too large and the conditions of the perturbation are not Jjustified.
Higher order theory will then allow double quantum transitions,

(b) Classical Treatment

Ciassicaliy, a spinning electron with magnetic moment p

will precess about an appiied (steady) magnetic fieid H, according

to the equation of motion
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Figure 3,1

Precession of M about i, in the Rotating Coordinate System,

The Moment M is the Combined Effect of the Individual
i\loments/t_A .
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du
— = Bkxyvlh 3.7
dt

This describes the Larmor precession with a frequency Qo given
by i, .

In a magnetic resonance experiment, a circularly polarized field
of amplitude Hl rotates about Eo with a frequency w in the same sense
as the precession, The effect of Hl on the precessing electron is
most easily observed from a frame rotating with H1 (i,e. so that H;
is stationary in the rotating frame), In this frame equation 3.7
then becomes

[du]
Em—— t = H + 3.8
x| L x (yH + )

Equation 3.8 shows that the motion of p in the rotating system obeys
the same equation as in the laboratory system, provided the actual
field H is replaced by an effective field

H =H+2
oe T
Y
The resonance condition is, as before,
Y "o =W, i.e. W= W,
and this i1s detected by the r.f, field Hl'
The spin vector precesses now about the effecliive field H., at an

angle 6 to H,
_ o fwy 2 2 .4
M| = [ (1, - 12)° +n2 )3

H
and tan 8 = 1

Hy - Jo/yl

This is shown in Figure 3,1,




3.2

-6 -

so we see from

At resonance ﬂe coincides identicaliy with ﬂl'

equation 3.7 that the spin now precesses about ﬂl according to

g% =y I 3,9
in the rotating frame. This model agrees with the conciusions derived
quantum mechanically; the angie 6 describes the retative probabilities
of the electron being in the spin states |-3> and |+3> and the
transition probability can be assessed geometrically.,

An Assembly of Electrons

In gencral, when the static susceptibility is measured or
the resonance is observed for a set of paramagnetic electrons, they are
within some host, whether it be solid, liquid or gas, It is useful
to talk of a '"'spin temperature" which describes the relative populations
of the electron spin states in a magnetic field, This must be related
to the temperature of the host, or the lattice, ard in conditions of
thermal equilibrium, the two temperatures will be equal, due to some
coupling betwecen the two systems, In many cases, the interaction between
electrons is small and Boltzmann statistics will be satisfactory (in the
case of conduction electrons in a metal, Fermi-Dirac statistics must be
used, leading to a much lower temperature independent susceptibiiity
for temperatures below the Fermi temperature)., The relative
populations of the two states of an clectron in a field H will normally
be of the form exp(-gBH/kT) which leads to Curie's Law at most norma]
temperatures. In a paramagnetic resonance experiment, one will observe

a net absorption of power by the spin system dependent on the population
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excess in the lower energy state as the probabilities of absorption
and emission from the lower and higher energy states are equal.

It is now essential to introduce some mechanism to remove this
energy from the upper state, otherwise the populations will equalize
and the resonance will "saturate'', Normaily the electron spins are
weakly coupled to the lattice by way of the spin-orbit coupling,

The ability of this mechanism to de-excite the electrons aliows a
spin-lattice relaxation time T1 to be defined., This is the time it
takes for a given excess of energy in the spin system to fall to 1fe
of its initial value,

Bloch (1) took account of this spin-iattice interaction and also
of possible spin-spin interactions when he modified the basic form of
equation 3.7 to include these two effects. Introducing a total
magnetization vector M which is the resultant of ail the electronic

magnets, equation 3.7 now is

dil
e— = yHxH 3.10
dt

The effect of the two spin relaxation interactions wiil be
quite distinct as can be seen if it is considered what happens to the
case in 3,1.,b if the exciting field Hl is suddenliy turned off after a
nonequiiibrium situation has been achieved. M wiil tend to precess
at @ =y Eo’ the z component of Il (parallel to ﬂo)wixl grow as
individuai moments making up M flip to bring M, towards iy

, the un-

perturbed magnetization. This process which is shown in Figure 3,1 ,
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requires the moments to give up their energy to the lattice and so
the time constant T1 is applicable,

The second process involves the individual moments in the local
dipoiar field of their neighbours, This will aiter the field ﬂo which
each moment experiences and so there will be a distribution in
precession frequencies for each moment and the coherence in the
individual components making up M; (normal to ﬂp) is iost, causing
HL to decay with the characteristic spin-spin reiaxation time T2
(Figure 3.1).

Taking account of these effects we can now modify equation 3,10

to the Bloch equations (expressed in the laboratory frame)

d i o
2= y (MxH o+ b=, 3.1la
dt z =
i
d M, . _ i
—Xa = yilxl, = Xp¥ 3.1ib
dt ; T,

These cquations can be solved for a number of cases, Certain '"fast
passage'' situations where the resonance is observed in a time short
compared with Tl have been solved. A discussion of these is given
by Abragam (2). The simplest case and the one normally applicabie
in the experiments described in this thesis, is the slow passage
approximation where the magnetic field ﬂo is swept slowly through
the resonance i1n a time iong compared with Tl. The solution of the

equations 3,11 is then obtained by expressing them in the rotating frame
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Figure 3.2

The Bloch Susceptibilities
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and equating all the time derivatives to zero. A resonance experiment
observes the effect of the magnetization on ﬂi’ and the out-of-phase
component leads to an absorption of energy from the r.f. field.

These effects are described by a complex susceptibility;x==(,X'—iX")

Jhere
1 A T
X =3X, 0, Ty . 2 = 3.12 a
2
L+ (80) 1) + 7H Ty T
vl_—__l-x W~ T 1
X" = 2Ko %o T 2 2 . 2 2
L+ (M) °T)% + y2H °T)T, 3.12 b

X, is the static susceptibility, given by M =X H,
and Mo = wy=w,

A plot of ¥ ' and X "' against Aw is given in Figure 3.2 for the
case

Y2H12T1T2 << 1 3,13

When the condition 3,13 does not hold, saturation of the
resonance occurs as mentioned above when the concept of a spin-lattice
relaxation is introduced, Saturation will thus occur if the r.f. field
is too large or if T 1is too long,

When (YHI)ZTI.T2 >> 1, the steady state description can no ionger
be used as H no longer varies quasi-statistically; this affects the
behaviour of XT especially.

Electron Resonance Line Shapes and Line Jidths

Under the steady state conditions discussed in the previous

section an absorption line with a shape described by the Lorentzian
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function is obtained. The width is expressed in a variety of ways,
the most common being the frequency separation between the half power
points or between points of maximum siope (the first differential of
the absorption line is usually displayed in an e,s.r, experiment),
Remembering the sort of interactions which paramagnetic clectrons have
with thelr surroundings in a real lattice it 1s not surprising that
the Lorentzian line predicted by the Bloch equations is seidom
realised. In many cases, the line shape is far closer to the form

of the Gaussian error function which would be expected for static
dipolar interactions,

An e.s.r, line can be "homogeneously broadened' when the width
is controlied by the lifetime of the spin in one of the states
involved in the transition, The energy uncertainty in the transition
will then be given by the Heisenberg principle. The line is said to
be "'"inhomogeneously broadened" if the interactionsof some spins differ
from thosc of others due to differing local fieids, and such differences
are not resolved from the totai line shape.

/\ number of effects can be distinguished and the more important
ones are mentioned below, It shouid be noted that the natural line
width does not contribute significantly to the overall line width in
the microwave region due to the very iow probability of spontaneous

emission,
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(a) Spin-Lattice Effects (3)

Often the vaiue of T] 1s sufficientiy short to cause severe
broadening of the e.s.r, line and in these cases, it is necessary to
take advantage of the temperature variation of Tl and perform the
experiments at iow temperatures, The dominant mechanism for spin-
lattice relaxation is in most cases that proposed by Kronig (4).

Energy in the spin system is coupled to the electron orbital motion
by the spin-orbit interaction, The orbital motion is coupied
encrgetically to the lattice as a whoite by lattice or locai vibrations,

The phonon spectrum at the particular lattice temperature 1s
very important and this critically controls the temperature dependence
of the effect, There are two distinct effects; a direct process
which will involve the emission of a phonon of the appropriate energy
and an indirect or Raman process which is the inelastic scattering
of a higher energy acoustic phonon with the consequent spin reiaxation,
Although this process is indirect, it is dominant above liquid helium
or hydrogen temperaturces due to the much larger number of higher
encrgy phonon modes available in the lattice, The paramagnetism which
is observed is often associated with some defect in the crystal,

This can cause a large local variation in the mode distribution,

A variety of other processes have been observed through
excitation to and then relaxation from an intermediate level (an
Orbach process). / number of cross reiaxation processes, typically
controlied by a dipolar coupling between two spin systems are sometimes

important ,
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(b) Spin - Spin Effccts (3)

These take on a number of forms, The basic spin-spin relaxation
process is simply a magnetic dipole effect of the type that was
postulated in introducing TZ. Often closely related to this are
exchange effects which occur when the wavefunctions of two paramagnetic
electrons overlap either dircetly or through a common ligand (super-
exchangeN) .

The dipolar spin-spin c¢ffect has a dependence on the inter-
clectronic distances of the form (1/r6). The broadening which is
caused can thus be made negligible by diluting the paramagnetic ions
sith'Similar' diamognetic ones, A number of distinct cases can be
distinguished, The broadening due to ions in inequivalent sites
is somewhat smailer than from ions in equivalent sites due to the
symmetry distribution, WUhen the surrounding dipoies arc tumbling
rapidly compared with the lifetime of the spin states, as is usually
the case in liquids, the cicctron sees an average ficld and this often
producces a spectaculeriy narrover line than for the same spins in a
rigid lattice.

Hyperfine interanctions, while smaller owing to the much: smaller
momente associated with nuclei, often produce an important contribution
to the spin-spin broadening; indeed, it is such effects that often
ultimately limit the width of an clectron resonance line, It is in
such cases that ENDOR (Eiectron-Nuclear Double Resonance) techniques

became invaluable, The subject of clectron-nuclear interactions will
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be described in section 4,4 ¢, It is sufficient to mention at the
moment that direct electron-nuclear interaction of the Fermi Contact
type provides an isotropic interaction (often resolved), whereas
dipolar effccts and interactions with other nuclei produce as aniso-
tropic effect, depending on the symmetry of the ion site,

Exchange only takes place between two ions, atoms or moiecules
when the electronic wavefunctions overlap, If the two paramagnetic
ions are not similar, or if they are not in equivalent sites, the
general effect will be to combine the resonances, if these occur at
slightly differcnt fields, into a single broader one. hen the sites
have the same orientation and symmetry, the electron exchange between
the two leads to an averaging somewhat analogous to the dipolar
averaging occurring in liquids, The result is a narrower line near
the peck, although the wings of the line are larger with the second
moment of the line remaining constant, Another narrowing process occurs
when the paramagnetic electron is delocalised as in a molecular
orbital which averages the local magnetic field over the extended
wavefunction,

(¢) Saturation Broadening (5,6)

Yndep—the—oonditions Vhen an electron resonance transition is

saturated (i.e, i, too large and Tl too long), a homogeneously

1
broadened line will be further broadened due to the higher probability
of absorption of c¢nergy close to the centre of the line than in the

wings., /n examinotion of the Bloch susceptibilities demonstrates this
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effect, although it 1s generally true for all homogencousiy broadened
lines (5). Using equation 3,i2 b, the peak of the absorption (X ")

is given by & = 0, so that

" 1
7 = IXOMOTZ ; 2 = 3.14
1+ y%H 5T T,

Defining the linc vidth (20»1) in terms of the separation of the

half-pouwcr points XO"/Z gives

" 1
Ao I = 31X gWoTy )
L+ (M) “1p% + y2H2TT, 3.15

Eliminating X' from 3,14 and 3.15 and rearranging

280) = 21 + P PnTy
5
go that, if the condition YzHLZTgTZ << 1 (3.13) does not hoid the
linc is broadencd. The intensity of the dispersion iine is not so
seriously affected by saturation as thc absorption line which can be
seen from equation 3,12 o,
Inhomogeneously broadened lines will not be broadened by
saturation os the individual resonances making up the envelope will
be reduced in proportion to their initial intensitics,

(d) Other Hechanisms

Inhomogeneities in the applied magnetic ficld lead to a spread
in the position of resonance, Although of some importance in narrow
line e.s.r, experiments, it is of far greater importance in nuclear

resonance and ENDOR work,
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High frequency modulation 1is often used in the observation of
e.s.r. lines, /A small amplitude 1s usually used in differentiating
the linc, but for maximum sensitivity, a modulation amplitude
comparable with the line-vidth is used (7); this and larger amplitudes
broaden and distort the line shape,

The frequency of the modulation, if sufficiently high, will
cousc n lifetime brocdening when the line-width (in units of frequency)
hos the same order as the frequency.

The Unpaired Electron

Paramagnetic resonance can be observed in very many different
substances, In solids and liquids particularly, electron orbital
motion is often effectively '"'quenched" at least to a first order,
and the poramagnetism is in these coses dominated by the ciectron spin,
In ionic crystals such as the silver halides, there are a number of
possibilities where e,s,r, techniques would be of great assistance.
It shouid be possibic, ot least from a very simple viewpoint, for
electrons and holes to be trapped by interstitial silver ions and
silver vacancics respectively, However, all attempts at identifying
such centres through their expected paramagnetism has apparently
been unsuccessful, Various impurities, in particular, members of the
various transition series con clearly be observed using e,s.r, This
is the principai subject of this thesis and the following chapter
deals foirly generally with the energy levels of transition ions in

crystais, Later chapters deat with the spectra associated with the
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S-state 1on Fe3t in silver chioride. The interpretation of the
properties of thesc spectra makes it possibie to infer some of the
effects of iron impurity on electronic and ionic processes in silver
chloride,

delecy ot
It is possible in principle to-ebcaaungggggggigg el?????ﬂ?

/épin resonance! for electrons in the conduction band (polarons).

Such electrons would obey Boltzmann statistics and although the
coupling of the electronic motion to the lattice is very strong

(see section 2,3,3.b), the orbital character of the electronic motion
should be effectively quenched, A smail amount of angular momentum
will probably be admitted from siiver 4d leveis close to or
contributing to the conduction band. The magnitude of this effect
will probably decide whether the experiment is feasible. Silver
chloride would be an excellent crystal in which to attempt such

an experiment due to the ease with which large numbers of conduction
electrons can be produced. On the other hand, crystals with a
lighter metal forming the conduction band states wouid introduce less

orbital character into the electronic wave function,
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CHAPTER IV

INTERPRETATION OF THE E.S.R. SPECTRA

OF TRANSITION ION CONPLEXES

The Electronic Structure of an Isolated Transition Atom

As this thesis is primarily concerned with the properties
of transition ions dissolved in the silver halide lattice, attention
will be restricted to a description of the energy levels expected
for this case,

The electronicstates of the transition ion which are of
principal interest in a paramagnetic resonance experiment are
those of the unfilled d shell, The effect of the surrounding
lattice on these states is always extremely marked and gives a lot
of information concerning the state of the ion and its environment.

The usual starting point of a calculation to find the energy
levels of the ion in a lattice is the free ion Hamiltonian (#)
describing the motion of the electrons in the field of the nucleus
and the other eclectrons, The effect of nuclear magnetic and
quadrupole interactions is ignored at this stage for the sake of
simplicity., If the effect of an external magnetic field H is

included, the Hamiltonian is:

: 2
==r.1 2 _ T
P 5o (pis $£4)7 - ey - -Zm%c. 5y By + B8]+ Ze— 4l
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The momentum term includes the vector potential Ai arising
from the application of the static external field at the electron
and(iﬁ is the scalar potential at the electron, 3 is the Bohr
Magneton., The term(eh/ 2mzcz)§4.§4x24 can be reduced to the

form(eﬁ2/2m2c2)<$>£i.l;

; for a central field; here Nl is the

angular momentum r x p., This term which expresses the spin-orbit
coupling energy of the electrons is often written in the form

3, Sisi.Lj where T; is called the one-electron spin-orbit coupling
constant, It is important to note that this parameter implicitly
includes some information concerning the radial nature of the
electronic wavefunction as it depends on the expectation value
<1/r3> for a Coulomb field. The magnitude of the parameter is
thus most sensitive to the value of the wavefunction close to the
nucleus and is relatively insensitive to changes in the outer

part of an electron's range.

The term 2@s;.H (more correctly 2.0023..Bs;.H) is the
Zeceman interaction between an electron spin and the applied field.
The terms involving spin foilow from a relativistic treatment of
the electron, A number of smaller terms arising from this treat-
ment but not involving spin have been neglected (1). Smail terms
expressing megnetic interactions betwecen the electrons are also
excluded (2).

Expressing A in terms of the magnetic field as %‘ﬂ x r the

kinetic energy term in *¢f becomes
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A 2 2 2
Lip+ 2 -p°+ e . + € (H
Zm(E‘ _EJ gﬁ 2mc'E LxE 2 (# x r)

8mc

s
+ BH,1 + (H x r)
2m PH.L 8mc - =

"

The second term describes the influence of a field H on the orbital
magnetic moment and contributes to the Zeeman interaction, The
final term ieads to a diamagnetic effect which can usualiy be
negiected,

The calculation of the eigenfunctions and eigenstates of 7¥$
leads to a description of the atom which is usually used as a
starting point for calcuiating the energy levels invoived in
electron resonance spectroscopy. For many purposes the strongly
bound electrons which form the core of an atom can be regarded
as contributing a modification to the potentiai "seen'* by the
outer electrons, The energy difference between the outer electrons
and the atomic core is such that the effect of any matrix eiements
between the states is very small, It is convenient to define
""core'' as those ievels which are not materially altered by
chemical effects, In a 3d transition series atom this wouid
include 3p and alli lower states, (The closest states are about
500,000cm'i below the upper occupied leveis). The "“outer"
electrons are those in the incompiete transition sheil, 3, 4, 5
or 6d, 4 or 5f together with the levels close to these, In the
3d series the 4s leveis are usually occupied in the free atom and

the 4p levels are not far above the 4s and can aiso contribute
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to the essentially 3d states.

In general, the incompletce shell will cause the atom to
have a finite orbital and spin angular momentum and hence also a
magnetic moment; this is the origin of the atomic paramagnetism,

(a) Hund's Rules

In a hydrogen-like atom ail onc-electron n, 1 states are
degenerate but much of the degeneracy is lifted in a many electron
atom by the electronic interactions, The caiculation of the
energy level scheme for the various ways of combining the one-
electron states in a transition series is a complex problem but
the ground state of a given ion or atom is found from Hund's Rules.,
These can bc stated as follows, For a given atomic configuration,
an energy level with largest total spin S lies deepest and, of these,
| the level with largest total orbital angular momentum L lies
deepest. For a set of N equivalent electrons (i,e, within a given
shell), the total angular momentum J of the lowest level is given
by J = |L - §| for N less than or cqual to a half filled shell
and J = L + S otherwise, These rules indicate Russell-Saunders
(LS) coupling and although they apparently indicatc a magnetic
effect, such forces are two or three orders of magnitude less
than electrical interactions which lead to a similar effect.

The first criterion, for maximum S, is a consequence of the electro-
static repulsion between the electrons making the spatially anti-

symmetric combination of wavefunctions most favourable., For the
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total wavefunctions to be antisymmetric the spin state must be
symmetric in the interchange of eclectrons. This is just the
criterion for maximum S8 (3), The condition for maximum L consistent
with this 1s again a consequcnce of electrostatic repuision,

In this case, the m stata of the electrons orient themsclves to
prefer a maximum L as explained by Karayianis (3), The coupling
of L and § vectors to form J, the total angular momentum, is a
consequence of spin-orbit coupling., The breakdown of this simple
description and of Russell-Saunders couplingnégsbecause of the
restriction of this model to the consideration of classical forces
and of the importance of spin-orbit coupling.

Hund's Rules can give some idea of the order of excited state
levels in an atom, For example, in manganese (II) which has the
electronic configuration 3d5, the ground state has § = 5/2, L = 0
(i.e. 68) and the first excited state within the d sheil is 4G
(= 30,000cm'1) which would be the next possibility after relaxing
Hund's Rule: § = 3/2, L = 4, The doublet levels lie higher still
and the lowest of these is the 2I at about 50,000cm - above the °s.

when considering the paramagnetism of an ion it is very often
possible to ignore the effect of these excited levels to a good
approximation as they are not populated at normal temperatures
(200cm'l is equivalent to a value of kT with T = 287°K) and the

energy splittings are so large as to make interaction with the

ground statc very small, This approximation is inadequate in the
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case of S-statc ions (e.g. Kn2+) and in some cases when the
crystal ficld is very strong, It however forms a basis for the
idca of a spin Hamiltonian which is the subject of section 4.4
where it is indicated how these difficulties are overcome,

The Crystal Fieid

Jhen an atom is fittced into a solid lattice, it is not
surprising to find that the states of the outer electrons can be
drastically altered, Some sort of chemical bond is formed between
the atom and its surroundings if the arrangement is to be at all
stable, If thc bond is essentially ionic, some elcctrons are
transferred between the atom and its surrounding atoms; a charged
ion rather than an uncharged atom is left as the "building block'".
Restricting the discussion to the essentially 1ionic case for the
moment , the main concern in an electron resonance experiment is to
assess the effect of the surroundings on the initially free para-
magnetic ion or atom, This model, where the atomic electrons are
classified as '"core'" and "outer'", is a useful starting point to
appreciate the physical interactions which take place in an ionic
crystal, In a transition series, where Russell-Saunders coupling
is effective, the encrgies associated with the atomic states L and
S (i.e. the coupling of the one-electron functions described in the
last section) is in the region of 105cm—1. For the 3d scries the
spin-orbit coupling energy which makes J a good quantum number in

the free atom is about 10%cm™! (103cm"'1 for the rare earths),
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In an electron resonance experiment at microwave frequencies, the
Zecman interaction is about low 2,

The effect of the ionic surroundings in a crystal is to
place the ion in a strong electric field., It is the energy
associated with the strength of this field, compared with the
spin-orbit coupling and compared with the separate L and §
coupling that decides the state of the paramagnetic levels, For
the rarc earths, the unfilled 4f shell is rather well screened from
the surroundings as it is localized within the atom with other
electrons outside it, The energy of interaction between the

crystal ficld and the 4f shell is usually in the region of

2 1

10“cm™ ", so that the spin-orbit coupling is more important than

this weak crystal field. In the 3d transition scries, it
ft+elds liesin the region 104 to lOscm'l. When the strength of the
field is greater than the spin-orbit coupling energy but less than
the L and S coupling, the field is called a medium crystal field.
When it 1s greater than the L,§ coupling, it is called a strong
crystal field, Both the medium and the strong cases, particularly
the latter, indicate an appreciable degree of covalent bonding;

the simple model of an ionic crystal with no overlap between
neighbouring atoms is often rather inadequate in such circumstances

and the mcthods for treating such a system are described in the

following section,
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The valuc of a simple classification of the strength of the
crystal field 1s that it provides a guide for the starting point of
a perturbation calculation ona "free'" ion, In the rare earths
the atomic J quantum number is initially good and the problem
first of ail is toc calculate the effect of a weak crystal field
on the atomic state, This will not be considered further,

Jhen the crystal field is stronger than the spin-orbit
coupling, J can no longer be a good quantum number; it is the
result of an cssentially magnetic or internal Zeeman interaction,
while the crystal fiecld is a very strong electric or Stark field.
vhen a magnetic ficld interacts with an orbital state L, the
degencracy of the state is removed and individual levels arc
described by values of il which express in units of h the
component of angular momentum in the direction of the magneti¢ field
field ( i) € L). This is the Zeceman effect, When the orbital
state L is placed in an electric field, I no longer describes
the scparatc states and individual levels are of the form
1{ li> ¥ -i>] where Ii takes the values 0 <liil¢ L. This is the
Stark effect. Clearly the state L can no longer possess a
permanent magnctic moment as each level is an equal combination
of momecnts + i and - i, An atom placed in an electric field such
that the orbital statc interacts more with this field than with
the spins (i.e, medium or strong crystal field) has the magnetic

alignment with the spin overruled and the orbital magnetic moment
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is quenched, This quenching is a purely spatial effect so that
the electron spin states arc not affected.

The detailed way in which the '""Stark leveis" split is purely
a function of the symmetry of the surrounding electric field, The
magnitude of the splitting depends on the nature and size of the
interaction, The degeneracies are provided in a straightforward
way by group theory; the detailed calculation of splittingsis
very complex in general and a difficult quantum mechanical problem,

Looking first of all at the way in which a single d electron
eigenfunction splits in an electric field, the Stark levels would
be states of the formj‘zL‘ (d2 B d_,), ‘%‘(dl T ), d, where the
subscript is the m quantum number, Using the phase convention of
Condon and Shortley (4) these states arc usually written in a form

in which they are real, viz:

1

d = —0y(d. - d b
v T g% 4
d =-1( -4 -
Xz AR -1 2g
i
d, =- 2~ (d, +d_)

yz iJ? o

dzz = do = d(szz_rZ)
1 ‘e
(x2_y2) "5 dy +d,) 4.2

In these eigenfunctions, the subscripts indicate the function in

Cartesian space with which cach one transforms, They can be
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represented diagrammatically in real space by surfaces (called
orbitals) within which the electron is, say, 9C% likely to be

found. This is shown in Figure 4.1 along with the s and p functions.

1 ) B
Py = /3 (py - P
1
Py = T =(p; +p_y) t
Yy P P_y >
iz * Iu
pz - po J 4.3

The diagram shows ls, 2p and 3d orbitals; increasing the n
quantum number alters the radial function (introducing nodes) but
the angular distribution remains unaltered. The arbitals 4.2 and
4,3 are bracketed to indicate the irreducible representation
(i.r.)*of the octahedral group (Oh) for which they provide a
basis? Physically, this means that an electric field of octahedral
symmetry (provided for example by six equal ions, equally situated
along positive and negative coordinating axes), will split the five
degenerate d levels into two sets, one with a degeneracy of 3 and
the other 2. Group tﬁcory tells that this is all an octahedral
field could do, To lift the degeneracy further, an additional

distortion wouid be necessary, The texts 5, 6, 7 and 8 provide

% The luliiken notation is used to denote i,r's of single groups,
the Bethe notation is used to distinguish i,r% of double groups,
Small letters in the Mulliken notation indicate one-electron states,
large letters indicate atomic states,

% Any set of orthonormal linear combinations wouid of course be equally

acceptable.
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useful sources for the appliication of group theory to transition
ion and general molecular problems,

Group theory gives no information as to the direction or
size of the splitting., In the example given above, taking it
specifically as Ti3+(3dl), it 1s in general a problem of quantum
mechanics to calculate the splitting between the Eg and the ng
levels., The value of group theory is that it shows that no physical
process can produce more than two sets of levels in an octahedral
field and so only one energy splitting (A or 10Dq) need be
calculated in this case, The simplest model which is used to
represcent the crystal field is the point charge model where the
surroundings of the ion are represented by a suitable arrangement
of point charges or dipoles arranged with the correct symmetry around
the ion, This model is quite successful for the rare earths but it
appears that accurate quantitative agreement with experimental
measurements for the 3d series is often rather more fortuitous than
real, This subject is discussed more fully in section 4,3, The
model is however satisfactory for quaiitative argument, It indjcates
for example, that in the case of the single d electron introduced
above, for negatively charged ligands, theliglevels will liec above
the ng set (looking at thc orbitals in Figure 4.1 and placing a
negative charge at the same place on cach coordinate axis, the Eg
orbitals will be repelled clectrostatically more than the ng

orbitals), The reverse will be true for one hole in a closed shell,
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(t5)=> (t,6%); (t8e) —> (t263). B~1100cm™1.
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e.g. Cu2+(3d9), or for one electron in tetrahedral symmetry where
the 4 point charges would be at alternate corners of a cube,
When the crystal field is very strong, the-splitting between

the one electron eg and tz ievels becomes so large that Hund'!'s Rules

24
break down, Taking Fe3+(3d5) in an octahedral field as an example,
the five one-electron states will split to make the tZg levels
lowest., According to Hund's Rules, the ground state of the free
ion is 655/2 (This is really a special case in the transition series
but it indicates rather well how the strength of the crystai field
can alter the ground state of the ion), When the interaction between
the 3d electrons and the crystal is very much stronger than the
atomic interactions which make L and S§ good quantum numbers, all
five clectrons will be in tpg states (the one-electron functions have
an extra degeneracy of 2 because of spin), this is denoted by
5 in the strong field limit, The first excited state is

28

t%SFgand so on, The ground state must now be a spin doublet as all

t

but one of the electrons are forced to pair off; the strong field

ground state is a ZTZg state, whereas the weak field ground state is

a 6Alg; the 6

S is not split, Figure 4.2 shows the effect of an
increasing octahedral crystal field (A') on some of the more
important free ion states (left-hand side); the right-hand side
represents a strong electric field, This type of diagram has been
constructed by Tanabe and Sugano for all cubic 3d configurations

5

and it is quantitatively very useful (6). For the d° case it is
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unljkely that the strong field levels in an octahedral field will
coincide with the strong field levels in a tetrahedral field, but
Tanabe and Sugano!s calculations are made for a strong electric

field with no particular reference to the importance of o- or m
bonding, If A' is assumed to be an experimental parameter, the
diagram can be applied to d5 in octahedral or in tetrahedral symmetry,
provided the strong field assignments are altered, as is indicated

in Figure 4,2, A more accurate diagram would require specific
assumptions about the ligands and it would not be generally
applicable to all 3d" ions, The construction of this type of diagram
is described by Griffith (6), It is of particular value when
analysing strong field e,s.r, spectra, and in the study of S-state
ion spectra, Optical absorption transitions can often be observed
between the ground and lower excited states, providing a fairly
direct measurement of the strength of the crystal field., (Electric
dipole transitions between d levels are forbidden but the absorptions
are allowed by "vibronic" interactions - lattice vibrations destroy
the inversion symmetry allowing dipole transitions.,)

At this stage, having described the splitting of free ion
levels under the action of the crystal field, one must carry on to
the next most important effect energetically, namely, spin-orbit
coupling. Group theory indicates how levels split under the
influence of spin-orbit coupling and calculation of the splittings

and their effect on e.s.r, spectra has in general been very
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successful, As was mentioned previously, the energy associated with

3cm“1 and the indirect effect

this effect 1s in the region 102 to 10
on g-values in e,s.r. spectra is often large, This is described
in section 4,4,

At this point it is valuable to mention two theorems which

provide further information about the ground states of ions,

(a) Kramer's Theorem states that a level which is characterized by

a half-integral J and of degeneracy 2J + | cannot have all of the
degeneracy removed by an electric fieid., The most that an electric
field can do is to split the level into a series of doublets. This

is a consequence of the invariance of a physical system under time
reversal in the abscnce of a magnetic field, When the system is placed
in an external magnetic field, it no longer retains this invariance
relative to the fieid and the cdoublets are spiit., This resuit is of
great value in e,s,r, as it shows that a singlet ievel cannot be

the ground state of an odd electron system (9),

(b) Jahn-Teller Theorem indicates that a molecule with an

orbitaily degenerate ground state (indicating a fairly high symmetry)
may spontancously distort so as to remove all or part of this
degeneracy (7). This does not appiy to linear moiecules or to a
Kramers degeneracy which is not a spatial degencracy. For exampie,
Cu2+ in an octahedral field has an Eg ground state and a tetragonal

distortion along any of the octahedral ones removes the degeneracy,

splitting it into an Alg and a Blg levei of the tetragonal group Dyp.
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The Cu2+ ion wil: prefer the level with lowest energy and the
distortion resonates betueen the three symmetry axes of the
octahedron (dynamic Jahn - Telier effect) (10).

In this section an attempt has been made to indicate the
way in which a crystal field is likely to affect the levels of
a 3d transition ion, The extension to heavier ions is at least
from a qualitative point of view fairiy straightforward,
The crystal field typically becomes more important for d-trapsition
series of heavier atoms,

Covalency Effects

In the last section, littie mention has been made of the
physical processes which connect the crystal field with the energy
leveis of the ion immersed in it, It is essentiai td appreciate
the origin of these interactions if the parameters used to describe
electron resonance spectra are to be understood, Cleariy, the first
theoretical probiem is to caiculate the spiitting (A) caused by the
crystal field on the ground states of varjous ions, Early
calcuiations used the point charge mode!l as a classical electrostatic
field in which the ion was piaced, It was possibie to produce
fairly good agreement with measurement by choosing suitabiy diffuse
wavefunctions for the 3d ions, It now appears likely that the
fit was largely fortuitous (references 11 and 12 describe briefly the
evolution of crystal fieid calculations), Attempts to refine the

calculations by taking the charge delocalization of the iigands into
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account classicaily were disastrous, producing the uvrong sign for A,
The situation was improved when smaill admixtures of iigand functions
were admitted to the d functions, retaining the ionic modei (i.e. no
shown
overlap), but more recent calculations have fowmd it necessary to
include the effect of overiap between the central ion and ligands,
The first conscquence of this is an important one, nameiy that
the ionic model is not fuliy reliable and even in nominaily ionic
complexes, there is likely to be at least a few percent of covaient
character in the bonds, The paramagnhetic d electrons are therefore
not fully iocalized onte the central ion to which they nominaily
beiong, This resuit is likely to be of importance in calculating
theoreticaily and in understanding physically the meanings of para-
meters which are used to descibe e.,s,r, spectra, The various
calculations of the crystai field splitting are described in a
number of pubiications (ii to 14) but the description here is
restricted to a simple indication of the electron eigenfunctions
which have to be used to obtain a fair fit for A with experiment,

(a) lLioiecular Orbital (LCAQ) /pproach

This treatment is initaily due to Van Vieck (15) and simple
applications of it arc given, for example, in refs, 7 and 8, The
linear combination of atomic orbitals (LCAO) method assumes that
various atomic orbitals can be combined to form moiecular orbitals
\l/(/"), where

V) = Nfa o) 4B Sa (] 4.4
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#(J") is a wave function of the central atom transforming in the
molecular point group as the i.r.[ and Z;ai(r”)¢i =X (M) is a
linear combination of ligand wavefunctions (i) transforming as the
same i.r.r'. N is 2 normaiizing constant, If the various wave-
functions are correctly normaiized, o and 3 are coefficients which
describe the reiative amount of central ion and ligand character

1 5 . .
in the wavefunction, o =f ={‘§- describes a fully covaient bond

A

ando=1,B3=0o0ora=0,B= i, an ionic bond if it is true for

ail possible /7, The latter case is really the starting point and

one paramcter is first ol all accepted as smail compared to the other
for transition metal complexes, Usually the initiai ligand functions
)( lie at iower energies than the metal functions ¢ and interaction
causes the formation of an ecssentially ligand bonding orbitaiw#'b

which is orthogonai to the essentially metallic antibonding orbital

\/fa Jhere

"

¥b
Ya

The orthogonality condition <§}a|§ﬂb> = 0 reiates the admixing

Nb(X+ v$) 4,5a

N (¢ -A X) 4,5b

parameters A, y with the overlap between # and X .
i.e. A= y + 8§ where § = <) |X> and AyY,S arc small 4.6
The new wavefunctions arc properly orthogonalized and can be
introduced as a better approximation for the central ion and ligand
functions, In an ¢,s.r, experiment on the central ion, the para-

magnetic electrons occupy the cigenstatCS'yra rather than @, and in
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an n.m,r, experiment on the ligands, the electronic states ¢’b
interact with the nuclei rather than the purely ligand functions )X .

In general this model can be extended to cover other central
ion states particu:iariy the empty 4s and 4p leveis of the 3d ion and
also unoccupied ligand states, The electron-hoie approximation
which is used within the 3d sheli to treat d" ions with n>5 must be
appiied with rather more caution to avoid confusion of central ion
hole and lLigand electron states.

The moiecular orbital method is usuaily appiied to a rigid
core matrix and this is perhaps onec of its most serious short-
comings. In principie, the method could be extended to take
account of changes in the configuration of various states but it is
physicaily more meaningful to examine the atomic rather than single
electron states to appreciate the difficuities which can occur,

The molecular orbitai (li0) treatment of transition metai complexes
combined with the more successful aspects of the point charge
crystal fieid theory is often called "ligand field theory",

(b) Configuration Interaction ipproach (13, 14, 16)

/in alternative approach to admixing one-electron ligand
functions with the centra’. ion states is to 100k at the moiecular
states as basicaily ionic, with a certain probability that a
ligend electron wiil be transferred back to the central ion (i.e.
that there is reaily still some degree of the atomic states which

souid have existed before the ionic bond was formed)., It is simple
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to show that this is realiy only a different way of assessing the
same thing, namely the covalency.

The correspondence between the [0 and this approach is
shown by taking a threc elcctron system with bonding and antibonding

orbitals‘%’b and YLQ; the antisymmetrical wavefunction of the

systen }P will be

N2 NI AT 4.7
where J/(a) and J/(B) are spin-orbitals for up and down spin
respectively and | ----- |indicates a Slater determinant with
it wlization factor, The and a iven b ti
its normalizati ac %/Q ybb re given by ecquations

4.5 and using the condition 4,6, substitution for V/a and y& p in

4,7 gives

Y - / 217 (@ X(B), #)] + vl (o), #E) $(0)] ] 4.8
-s2

This is the Heitier-London scheme for representing the
covalency, It physicaiiy means that the simple ionic ground state
of the system has admixed into it a certain amount of a state where
an electron is spatially transferred to the centrai ion, 1In this
approximation, where A , y ond § are assumed smalil, the 110 and the
Heitier-London approaches are not physicaliy different, At this
stage it is possible to take into account a configurational inter-
action between the central ion and the ligands which the simple
molecular orbital method cannot easiiy accept, Taking a specific

g 2t .
example as KNiF5, where Ni is octahedrally coordinated by six F~



4.4

- 92 -

- al
ligands (Ni2+i-‘6 ), the configuration interaction method admixes

some(Ni+FF “)with rather different radial wavefunctions, This

5
sort of approach can affect many quantitative predictions and can
be appreciated as a2 physically more rcalistic situation,

The technigues which have been described above have been
used principaily on KNiF3 and KMnF3 as many careful measurements
have bcen made on these crystals, Good wavefunctions are available
for these calculations, The [0 treatment has been successfuliy
employed in g-valuc caiculations and it is used fundamentai.y to
interpret ligand hyperfine structure in e.s.r. spectra, These
interactions are perhaps the best indication of the necessity for

this type of study.

The Spin Hamiitonian

(a) The Concept of o Spin Hamittonian

The precceding sections have described what sort of energy
itevel scheme one can expect for a transition ion in a crystal and
how this can be found in principie., /After taking into account
the ¢ffect of the crystal fieid, a new set of energy ieveis are
left and the Zeeman spliitting has to be calcuiated, Pryce has shown
that, by restricting attention to & singie orbitaily non-degenerate
level, the usuni perturbation procedure can be simpiified and at

bt maole %
the same time/include the spin-orbit coupling (17, 18). The

Hamiltonian of the system, called a "spin Hamiitonian'", is expressed

purely in the terms of spin operators with all the other spatial
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operators already integrated over the spatial functions, These
matrix elements are then effectively numericai parameters, The
eigenfunctions of the system arc simply a set of spin functions
and clectron resonance absorption is observed between these states.,
The measurement of an e,s,r, spectrum usually amounts to a fitting
of values to the parameters, The probiem is then one of reiating
these parameters to physicai processes,

The spin-orbit coupling and the influence of the externai
field are treated as perturbations; the part 6f the Hamiltonian

4,1 which is left after the examination of the crystail fieid is

A =ALS +B(L +28) H 4.9
where L and § are appropriate to atomic rather than one-electron
states and A is the spin-orbit coupling constant, coupling L and §

+ .rnl

(it is reiated to &, by \= = “5g »t for the first haif of the
she!l and - for the second (4)). The correct ciassification of
the atomic and crystal field states means that the rest of 4,1, plus

a crystal field term hos been diagomelized and a set of appropriate

ecigenvalues Eo have been found (the Hamiltonian is;élo). These

cigenvalues are the result of a|Zero-order /perturbation caiculation!
and in the first order, using the perturbation 74(1 (4.9) oniy,

the term in 28 S.H wili provide a non-zero term, (The spiitting of
states of different li, gives the free spin g-value of 2). 1In first
order the contribution of the spin-orbit coupling vanishes if the

unperturbed orbita: levei is non-degencrate and,as the orbitai
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anguiar momentum is quenfhed, the term in [i,L e+se does not
& thav

contribute at this ordci; Second order perturbation theory is
necessary to account for the effect of the A L.S and BH.L terms,
It is only the interpiay betueen them that causes the magnetic
field to/§11§5;19 "polarize!!, the orbitai states like 4,2 and 4.3.
(i.e. H slightly disturbs the Stark states making a slight orbital
Zeeman effect, The pure electric field quantum states are no
longer strictly '"good")., This small amount of orbital magnetic
moment is added to the spin moment only by way of the spin-orbit
coupling which is energetically much stronger than the Zeeman
term (section 4,i), The L.S interaction apparently ioses its
direct effect because of the orbital quenching and second order
perturbation theory is nccessary to inciude the non-zero spin-
orbit and orbital matrix ciements which wiil exist between the
ground and various excited states. The result of this is that the
eiectron spin "g-value' is shifted from its free electron position,

Although second order theory is required to inciude ali of
the effect of}?&, the energies of the second order terms may in
some cases be larger than the first order terms and Pryce'!s method
ailows both first and second order calculations to be carried out
without the approximations which arc necessary when progressing
from first to sccond order in normal perturbation theory, The
simplification is possibie because attention is restricted to a

single non-degenerate orbital level, and the infiuence of higher
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levels is inciuded in orbita. matrix eliements,

The spin Hamiltonian is set up by recognising that the
spin operators in 4,9 can oniy act on the spin part of the spin-
orbitais describing thc states and the orbital operators can only

operate on the spatiai functions., The consequence of this is that

ﬂo +#, can be written as #s Where

- I - Qs - 2 -

The s m{ ) . . . .
HomilConian #g involves only spin variabies as the orbital matrix

clements are inciuded inJﬁ\ij. The indices i, J refer to Cartesian
coordinates and n summation is assumed for a.l the combinations of
i,j. The real, symmetrical, positive definite tensorAiJ- is

def ined by

<O 1L;l n><n| Lj} 0>

4.11

Mt X

(E - E,)
where {0> is the orbital state under examination and |n> are

other orbita! states; Eo, E_ are their eigen-vaiues,

n
The term ZB(sij -)\/\ij)siﬁ} is the magnetic energy of a spin
system wvith a g-factor rcpresented by the tensor

8" 2(81‘j -)\Aij) 4,12

The term
‘AZQX s
e 3.5, i
i5 2¢%; 4,13
is a resuit of spin-orbit coupling alone and iC/Xij is ani -

sotropic, it wil. produce o splitting of the spin levels, even in
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the absence of a magnetic fieid, The final term corresponds to
a temperature independent paramagnetic susceptibility from the
orbital ieveis and is spin-independent,

i more generai discussion of the spin Hamiitonian and its
application to transition ions states has been given by /bragam
and Pryce (19) and by many authors since (e.g. 20, 2i), This spin
Hamiltonian which inciudes interactions between the paramagnetic
eiectrons and the nucleus when it has a magnetic dipoie and electric

quadrupole moment, is of the form
= .+ : oF .+ A..§.1I. +0..I.I. -
£ D, 8,85 + P 1S, + A STy + 3 LT; - yBLI
2 n
+ HH. +
B\ Ry Z;\#L 4,14

The operator I is appropriate to nuclear states and the final term
1

is similar to the central ion nuclear terms but accounts for the

interaction of the spin states with n ligand nuciei (L). The first

tensor parameter D;; inciudes a spin-spin term and %%[xij(4.l3).

J
Aij inciudes all the physical processes coupling the electron and
nuciear spins and lij contains the effect of the nuciear quadrupoie
moment (when I > 3). Yﬁmﬂol is the direct interaction of the
nucleus in the magnetic fieid and B%/\ij Hi Hj is the final term
in 4,10,

The tensoriai form of the paramters in 4,i4 is dependent on

the symmetry of the centrc and specific examples are used iater.

The physical meaning of the parameters is also discussed iater for
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some particular cases, as i® the specialized application of the spin
Hamiltonian concept to S-state ion complexes.

(b) GCeneralized Spin Hamiltonians

when the symmetry of the crystalline environment of an ion is
taken into account the parameters in the Hamiltonians 4,10 or 14
are simplified, As an example, if the centre has tetragonal or
trigonal symmetry, the various tensors in 4,14 are characterized
by two principc! values each, parallel and perpendicular to the
symmetry axis (z). The centrai ion terms, ignoring the spin-

independent paramagnetism, are

2 . , .
#o= 0ls,=3s(s + ) +B gilS, + B g (lys, +HS) + ST

)
+ B(SyI, + SyIy) + QL = FI(I + 1)) - yBH.1 4,15

A number of authors have examined the detaiied properties
of the symmetry of the crystai fieid as an initiai step in the
setting u» of a spin Hami.ctonian, This is in a way the opposite
approach from that of Abragam and Pryce who carried out a
perturbation ca.cuiation on the properties of a given state,

The symmetry treatment is more general; it introduces new para-
meters to explain effects which are physicaily unspecified but
are possible for the symmetry of the crysta: fieid state of the
ion and its i1igands, This generaiized treatment provides the
maximum number of parameters which wouid be consistent with the

symmetry of the compliex,
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Koster and Statz (22) have given a group theoretical anaiysis
of the Zeeman splittings of ions and more recentiy a number of
authors have examined the same probiem by studying the decomposition
of spherical tensors with the appropriate symmetry properties (23,
24, 25).' Although the techniques of the two methods are different,
the final resuit is the same, In an ordinary spin Hamil!tonian,
eigenfunctions are used which are linear combinations of the magnetic
subieveis of a tota: effective spin S (25 + 1 levels); this
treatment does not aliow for the possibiity that some of the states
spiit by a D term in 4,15, say, are modified differentiy from others,
This difference can occur if higher lying excited states of the free
atom, or 1igand states, are differently admixed into the ground sets
of spin states, Physically, this sort of effect is very reasonable
as spin-orbit coupiing can, for example, split the ground spin
levels, introducing a zero-field splitting, The separate sets of
spin levels which are ieft wiii have distinct properties with
respect to other eiectronic levels,

This type of argument is essential to produce a spin
Hamiltonian for S-state ions, the Pryce treatment reduces the
Hamiltonian 4.9 to the form

#, = gBH.S 4,i6
and a number of other terms have been found necessary to explain
observed spectra, In a cubic field, the splittings of spectra are

usuaily weli explained by using a term
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4, 4 _1 2
7+sf = S(S + 1)(38% + 35 - 1)] 4,17

(¢ ™ » L are the cubic axes),

S0 e

Jualitatively, this term is a result of the effect of
spin-orbit coupling and its linking with excited state levels,
but high orders of perturbation theory are necessary to produce
a value for a. ‘/hen therc is a distortion along an axis, z say,
a term
p[s,% - 3 8(s + 1)] 4,18
is appropriate, The calcuration of the parameters a and D has
not been particuiar.y successful and as these terms are necessarily
inciuded in a generaiized treatment, it is certainly superior fe¥ (n

vS-state ionagbin fHamiltonians, The criticism that the generaiized

treatment does not indicate a physical meaning of the parameters is

not appropriate in this case as the conventional treatment fails
even to predict necessary terms. There are unfortunately a number

of problems attached to the use of a generalized spin Hamiltonian,
It tends to predict a large number of parameters with no discrim-
ination as to the magnitude, (The advantage of the method is that
it does not require the use of perturbation theory which is really
the reason for the shortcomings mentioned above). Because there are
a large number of parameters, in general more e.s.r. measurements
wouid be necessary - for example, at a wide range of frequencies,

It is generaliy true that the ordinary spin Hamiitonian

concept has been very successful in explaining e,s.r, spectra with



- 106 -

the reservations regarding S-state ion spectra which have been
mentioned above, It has apparently not been necessary to use
the additionai terms which can be predicted, even in the case

of S-state ions; e it would appear that the-magritudes—of the

additional parameters in a gencratized Hamiltonian are suweh—as—to
se srmall ot f/;y fﬂf"'

hed negiigibie, This subject is discussed
further in Chapter VIII,

(¢) e Interpretation of Spin Hamiltonian Parameters

Mcieeny (26) he® discussed the general form of spin
Hamiitonian parameters in terms of various density functions,
This type of treatment clarifies many of the physical processes
which are obscured in the usual deductions, showing common
properties of the different parameters, The use of density
functions means that the theory is not restricted to free ion
wavefunctions and the most suitable basis may be used. The
density functions show a great simplicity, even when they emerge
from very complex wavefunctions,

The description which is given below refers to the more
usual treatment of the parameters,

(i) The g-value The change in g-value from the free electron
position (2,0023---) is explained in section 4,4a., The most
significant deviations from the expected value appear to be a
consequence of covalent bonding (27), Replacing purel!y metal ion

wavefunctions by orbitals of the form 4,5b wiil reduce the density
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of the paramagnetic electrons on the central ion (through the
coefficient >\ and the normaiizing constant Na in 4,5b) and hence
reduce the effect of spin-orbit. coupling on the central ion,
reducing the g-shift (27, 28)., Misetich et ai, (29) have shown
that this is only half of the effect and that a one electron spin-
orbit Hamiltonian can be set up which takes account of spin-orbit
coupling on the iligand ions as well as on the central ion,
Because of the dependence of the spin-orbit coupling constant on
approximately < 4/r3> (section 4,1), it is possibie to transport
the spin-orbit coupling operator between the various nuclei and
use the spin-orbit coupling constant appropriate for the degree
of ionization of the particular ion, The matrix eiements of BH.L
for each ligand arc also found and the g-shift appcars to agree
well with the experimental measurements, at least for the case

of KNiF3. The g-shift of the (FcCi4)- complex is discussed in
Chapter VIII,

(ii) Hyperfine Intecractions The magnetic interaction between

a paramagnetic d electron and the nucleus wouid be expected to be

a simple dipolar effect. The magnitude of the observed interaction
shows a far larger interaction than this would predict and this

has been explained by including a certain amount of unpairing of

s electron =states due to the unpaired d electrons. There is a
finite probabiiity of finding s electrons within the nucieus and

clearly they must have a very large interaction with the nuclear
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moments over the smail proportion of the electron density which
overlaps the nucieus, A number of mechanisms have been suggested
for this ''polarization' of the s states; the most important is

that it 1s possibie to|preferentia11y/admix'some lower s states

because of the differing exchange with up and down spin 3d
wavefunctions, Hubbard et al., have pointed out that covalency
between the centrai and ligand ions will make the 4s lievel
contain a different proportion of up and down spin states (i4),
This effect, which is really a consequence of the Pauli Exclusion
Principle, might provide an important contribution to the "Fermi
Contact' interaction of paramagnetic eiectrons with their nucleus,
The hyperfine interactions between transition ion electrons
and ligand nuclei gives a direct measurement of some of the
bonding parameters when some covalency exists., The interaction
between 3d electrons and ligand nuclei is often far larger than
would be expected using an ionic model and oniy ailowing magnetic
dipole interaction, The paramagnetic resonance spectra are

usually interpreted using a spin Hamiltonian of the form

Z#Ln (4.14) wherc
n

AR = A 8 LT+ BIS, L + 8,LM 4 B 12“2- FIN(IM + 1))

= SBNE-!P 4,19
This is the interaction with the ntM ligand (L). The z-direction
coincides with the line joining the nth ligand to the magnetic ion

and I, is the spin of the nth ligand nucieus, In practice, this
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type of interaction leads to an e.s.r, spectrun with many lines
which very often overiap and are not individuaiiy resolved, It is
under conditions such as this that the Electron-Nuciear Doubie
Resonance (ENDOR) technique (30) is invaluable, In this technijue
transitions are induced between nuclear as well as electron states,
An inhomogeneously broadened e¢,.,s.r., transition is power saturated
(section 3,3) and transitions are scparately induced in the
nuclear spin states. The r.f. frequency of the nuclear resonance
is swept, and a reduction in e.s.r, saturation is observed when
the nucliecar resonance transitions coupie with states invo:ved in
the electron resonance, In this way the resolution of the spectra
can be greatly increased, ailowing a determination of parameters
which are not distinguished in a-$$¥g$; e,s,.r, experiment,

In the cubic (FeCl4)— complex in AgCl, the extrahyperfine
structure described by 4,19 is only partiaily resoived, and
Hayes (31) has used this Hamiltonian to explain the spectrum,
Garth's ENDOR resuits provide much higher accuracy for the
parameters (32).

The values of /. and B which are measured lead to a value for
the amount of s bonding and in general to the difference between
g and T bonding, Nuclear resonance studies of the iigands give the
same parameters, but ncutron scattering measurements (33) provide
a sum of s,g" and W effects ailowing an absoiute determination,

The results of this type of measurement are invaluabie for the
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further understanding of spectra, Interaction with the nuciear
electric quadrupoie moment is a conseqguence of the distortion of
the d wavefunctions by the crystal ficlid.

(iii) Fine Structure Paramecters The theoreticai calcuiations of

the fine structure parameters in the spin Hamiitonian has, on the
wnole, been much less reiiabie than the caiculation of g-values

and hyperfine constants, The calcuiations are particuiariy
difficuit for S-state ions as high orders of perturbation theory
are necessary to obtain the effects vhich are observed, atanabe
(34) has used a point charge model for the crystal field and
considering interaction with the quartet excited states (see Figure
4,2) calcuiated values of (a) which were far smaller than the
observed values, Calcuiations by Powell et ai, produced much
better values for (a) by inciuding matrix elements with doublet
states (35). In thesc calculations, spin-spin terms appear to

be negligible compared with spin-orbit contributions, Wore
recently, Sharma, Das and Orbach have calculated D and E for

pnts ZnF2 claining equal importance for spin-orbit and spin-spin
effects (36). This calculation takes account of overiap and change
transfer covaiency and ciaims good agreement with experiment,

The mechanisns for appreciating the meaning of the fine
structure parameters are qualitatively fairly c.ear but the detaiis
of the calcuiations are difficuit because the high orders of
perturbation necessary make available many compiex effects which

may be important,
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The reason for the overall success of the spin
Hamiltonian is a resuit of the Nigner-EcK\grt theoren which
allows a matrix eclement to be factorized into two parts: one
depends on the symmetry alone while the other depends on the
physical processes involved, It is the latter which is
trecated as an adjustablie parameter, which is usually found by

experiment rather than by calcuiation,
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5.1.1

CHAPTER _V

INSTRUMENTATION _AND TECHNIGQUES

The General Design of E,S.R., Spectrometers

It is usually convenient to operate electron resonance spectro-
meters at microwave frequencies in the range of 8 to 36 Ge¢/s.

This is generally a consequence of finding the best conditions of
sensitivity and resolution, consistent with the available techniques.
It is sometimes necessary to carry out experiments at different
frequencies because of the specialized nature of the systems under
investigation, but these shall not be described here,

The overall scnsitivity of a paramagnetic resonance spectrometer
is of primary importance for many applications and systems have been
built which have a sensitivity under suitable conditions of 10}!spins
for 1 gauss line width and a bandwidth of 1 sec., The specific
conditions of sensitivity and design have been studied by a number
of authors (1 to 4) and will not be specifically discussed here.

The layout of an electron resonance spectrometer is basically
similar to that of any spectrometer, i.e. a source of power, feeding
into an absorption cell in which the sample is situated and finally
a detector where the effect of the radiation on the sample is
observed., No dispersive element is required as power sources in the
microwave region produce essentially monochromatic radiation, Usually

the Zeeman energy levels of the paramagnetic substance can be altered



- 109 -

by varying an external magnetic field until the splittings coincide
with the quantum energy of the microwave radiation,

(a) The Power Source

In a microwave system, the power source is usually a klystron
osciilator, which is convenient because of its flexibility, reasonable
inherent stability and power output, It is often necessary to -further
stabilize the klystron frequet:;Ff this is possible in one of two
basic ways, The klystron frequency can either be compared with the
resonant frequency of a high 9 microwave cavity and,by using a good
feedback loop, stabilizations of about 1 part in 10° can be attained,
Alternatively, it can be compared with a suitable harmonic from a
crystal controlled oscillator, The latter system provides stabili-
zations of 1 part in lO9 although the arrangement may not be tuned as

easily over a small range,

(b) The Absorption Cell

The absorption cell of a spectrometer may be a standing or a
travelling wave arrangement, The reflection cavity is most commonly
used and it is compared with a reflection slow wave helix in
section 5,1,3, The basic function of the absorption cell is to
concentrate the microwave magnetic field in the sample which often
has a limited size and must be mounted in a sufficiently stable and
homogeneous steady magnetic field which satisfies the resonance

condition hv = gfH .
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(¢) Detection

Electron resonance is observed by rectifying the microwaves
which have interacted with a sample and after processing the
information, it is displayed on a chart recorder, or on an oscilioscope,
The microwave detector is the principal source of noise in a practical
spectrometer and grecat care is taken to find the optimum microwave
system consistent with sensitivity considerations and to carry out the
most efficient noise averaging.

spsfrm ¢ mpflopig

The /100 Kc/s field modulation -system described in the next
section is commoniy used; its advantages bgiag-reasonably high
sensitivity (3 x 10!} spin/gauss can be observed with a bandwidth
of 1 sec and a microwave power of 1 mi) coupled with simplicity
and easc of operation when compared with the more sensitive
superheterodyne system, The 100 Kc/s homodyne spectrometer has
many of the advantages of both these arrangements (1,3).

An interesting system which has not yet been extensively used
is the "marginal oscilliator" arrangement described by Payne (5).
This spectrometer is a microwave analogue of the r.f, marginal
oscillator circuit commonly used in nuclear resonance spectrometers,
The system to&%gises-a microwave oscillator in the "just oscillating"
condition, the path of fcedback containing the absorption cell,
A suitable microwvave device is a low noise travelling wave tube or

a klyston oscillator operating on the edge of one of its oscillation

modes, In such a system, the level of oscillation is detected to
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observe the resonance in a sample, The overall sensitivity of this
instrument, as it was used by Payne, is similar to that of conven-
tional spectrometers, for the optimum level of oscillation,

Silicon microwave diodes are usually preferred to bolometers as
microwave detectorsrzagzé—ngtheir greater robustness and their
ability to withstand higher microwave powers. The-overall—sensitivity

/ts e cverall Sonu?ivty

with each detector operating under/optimum conditions%is usually
comparable, Recently Schmidt and Solomon have described the use
of a bolomcter directly coupled to the microwave system by a
resonant sample (6).

| As the noise spectrum of the detector is "white' over a limited
range, the signal to noise ratio for a given sample can be improved
by reducing the overall bandwidth of the system, This is possible
in a field moduiation system by reducing the field modulation
amplitude to a value rather less than the line width and detecting
the first derivative of the resonance at the f4eid modulation
frequency. The bandwidth of the detecting system may now be
drastically rcduced without distorting the lineshape, The signal
is amplified to a icvel of a few volts and is then compared with
the original field modulation frequency in a phase sensitive detector
(P.S.D,) before finally recording the signal on a chart recorder,
The bandwidth of the detccting syste- is controlled by a time constant

(usually an RC nctwork) between the P.S.D. and the recorder. It is

usually found that there is iittle advantage in using a time constant
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of greater than 30 scconds due to d.c, instabilities, To obtain
further improvements, or elsc when studying transient phenomena,
repetitive sampling systems are better (7),

The Electron Resonance Spectrometer

The electron resonance apparatus used in all the experincnts
X-bo wel system emploging
described in this thesis is a fairly conventionag/lOO kc/s field
modulat ion ¥=bend-system, The spectrometer which has been built
will only be briefly described and the absorption ceil, a helix, is
described in the next section,

The basic layout of the paramagnetic resonance apparatus is
shown in Figure 7,1, The English Etectric K350 klystron is immersed
in an oil bath and is tuned to operate at 9,18 Gc/s., This kiystron
produces about 2 watts of microwave power when operated on its highest
power mode, with the disadvantage that its electronic tuning range is
limited to about 8 lic/s and mechanical tuning of the two cavities
is an involved procedure taking about 8 hours,

The klystron power supply used in the early part of the
experimenits was augmented by a modified Pound automatic frequency
control system (A.F.C.) (8). OCubsequently, when using a Hewiett-
Packard Type 716B suppiy, the klystron A.F,C, system was found to
be unnecessary due to the excellent inherent stability of the K350
kiystron and the supply. After an initial warm up period, it is not
possible to detect any slow drift of the klystron frequency,

To obtain further useful stabilization it would be necessary to use
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a locking system with a response time of faster than 5 x lo—ssecs.;
klystron frequency noise at about 100 kc/s is easily detected when
the phase of the bridge is set to detect dispersion (i.e, is
"frequency sensitive') (1).

The microwave bridge is balanced by adjusting the helix
matching (5.1.3 (d)) and crystal biasing is obtained by introducing
a suitably phased mis-match (siide-screw tuner) into the balance
arm of the magic-tee. The silicon diode (A.E.I. CSiOB) detector
crystal is matched using a tuned transformer wound on a Mullard
Winkor' pot-core assembiy, into the cascode preamplifier (a pair
of STC 3A/167M triode vaives). The main signal ampiifier has a {
factor of about 300 which is sufficient to aliow video display
of resonances on an osciiloscope when the magnetic field is modulated
at 50c/sas well as 100 Ke/s. The phase sensitive detector %gee a
carefully matched diode bridge using four 04202 silicon diodes
immersed in an oil bath,

Reference switching is taken from the output of the crystai
controiled 100 Kc/s oscillator and power ampiifier, This system
can provide up to 30 gauss, peak to peak modulation at the sample;
the modulation coils are attached to the outside of the low temperature
dewar as there is virtually no attenuation in the thin siivering,
Time constants of between 0.5 and 30 seconds can be switched into the
d.c. amplifier which feeds an Evershed moving coil pen recorder,

The recorder limits the fastest response of the spectrometer to about
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0.5 secs full scale (2.5").

A 7" Newport Type E electromagnet is used and -+t—has-been set
up to give a homogeneity of about 2 parts in 105 over a cylinder
about 2 cm, in diameter across the full 5,5 cm, gap of the magnet,
The magnet is suppiied from a Newport Type D power supply equipped
with both a mechanical and an electronic sweep unit, The maximum
sensitivity of the spectrometer with a 10 sec, bandwidth and
measured at full klystron power (~ 1 watt at the helix) is about
7 x loxgpins/gauss linewidth for a 1 : 1 signal to noise ratio,
which is equivalent to about 7 x 1012 spins/g-uss for imw at the
heiix and a bandwidth of 1 sec, The measurement was made at room
temperature using a standard carbon sampie,

5.1.3 The Helix

A helix has been used in ali the experiments described. The
more conventional resonant cavity arrangement could equaliy weli
have been employed but the great simplicity of the system has made
the use of a helix worth while, The arrangement that is described
below has a number of advantages over the cavity system which would
be necessary for the same experiment, The most important advantages
are the ease with which samples can be irradiated at all temperatures

with wlich
and the simplicity -attached—to-—using 100 Kc/s field modulation of
can he usaod
fairly large amplitude (30 gaussu. It is also possible to alter the

\aforientation/hxis'of crysitals without warming from liquid nitrogen

temperaturec.
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There are no probiems concerning matching of the helix at
different temperatures (it has been used at 300°K, 77°K and 20°K)
and the compactness of the coaxial "probe" is such that low
temperature dewars which would normally be used with J-band cavities
can be used; the heat loss in the German Silver coaxial line is
much less than along a comparable X-band waveguide arrangement,

The broadband nature of the structure has allowed the powerful
K350 klystron to be used. (An equaily stabie reflex klystron was
not available for this spectrometer when these experiments were
initiated). The extra power available from this klystron approxi-
mately compcnsau;¥'the possibly lower "¢ factor'" of the helix, It
has been possible to orient singiecrystal samples by simply
rotating the centrai conductor of the coaxial line after the crystal
had been mounted with a predetermined axis parallel to the central
conductor and normal to the steady magnetic field. In this way,
it has not been necessary to rotate the magnet about this axis,
Perhaps the greatest advantage in using a helix is the ease with
which the system could be modified to carry out doubie resonance
experiments; if thece were required, the present arrangement
could easily be altered for this purpose, |

The principal disadvantages are probably associated with
general sensitivity, particularly in some singie crystal work when

Possi bly (rrepulow choys
the erientation of the crystal cannot be fitted easily into a helix

of narrow diameter and given axial direction. Silver chloride
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crystals have been cut so as to give the maximum fiiling factor

in the helix and as well as can be judged, the sensitivity of the
spectrometer is not markedly lower tzgh?:;h; typical reflex
klystron had been used with a cavity (see 5.1.3c and d)). It has
not been possibie to use aqueous samples due to inadequacies in the
matching system, Suitable matching arrangements can nevertheiess
be devised (9).

The important parameters describing the heiix and its matching
into the microwave system have been determined empirically,

The matching does not present a serious problem as the spectrometer
has becn operated at a singie frequency.

The sensitivity depends considerably on the axial microwave
~magnetic field (Hl) in the helix, for a given incident microwave
powcr{P)and on the variation of H1 with the parameters describing
the geometry of the helix,

(a) A Simple Description of the Fields

The fieid modes in a helix have been studied in some detail
by Pierce (10) for traveiling wave tube theory and Webb has described
some of the application to e,s.r. (11). It would be an extremely
complex probiem to find the field distribution in a reai heiix
(Figure 5.2 a) but Pierce has solved Maxwells! cquations for a
helically-condueting-cylindrical sheet of the same radius (a) and

pitch (4/) as the helix (Figure 5.2 b), wkich /s constrained fo condut

L. A.' ““ A{ g ;Pl‘*’vn 17 T sl""f'lﬁf *4‘ ‘-'\‘\(/ﬁ'7 c“!\’(r’/fs"\h-
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The helix 1s a microwave delay line; the waves are constrained
to travel in the direction of the wire with a phase velocity (c)
along the spirai, The phase velocity, v, of the travelling waves
‘5
along the z-axis of the belix will—be much less, depending ony~
and the magnitude of 2ma compared with the free space wavelength
A = 2w/n . Pierce shows that, for slow waves
0 /Bo ’ ’
Vic = Tan‘J/ 5.1 a
(when BoaCot)L >1.5) with no dispersion (vg = v), If the wave
travelled in the direction of conduction, with the speed of light
then vy . = Sin‘¢/, which 1s essentially the same as 5,la for smail
pitch angles\/ giving
V/e ® */2ma 5.1 b
where n is the number of turns per unit length (llp),
Thus, for BoaCot\L/>1.5 and Cot\/ >>1 the phase velocity is
just that corresponding to propagation along the sheet in thefste-()
fla velo ity of [’ri/-(;‘"fvf’-
direction of conduction with the speed of light and hence[in the
axial directioq[at a much reduced speed., For helices of smaller
radius compared with the wavelength (Ba<l, say) the speed is greater.
The fieid distribution in the helix is shown in Figure 5,2c, the
radial component is too small to be of interest and Pierce finds

H, ~ H I (Br) exp.j(wt-Bz) 5.2

in the heiix for the conditions described above, Io(Br) is the

Lﬁ;igzglgggggfaadificd Bessel function%pf argument (Br) and Hl is the

maximum value of Hz on the axis of the helix,
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From equation 5,la, BoCot{/ ~ B and for Ba > 1.5 the
function Io(ﬁr) is smalier at the centre for increasing radius
(Figure 5,2d). For ffa < 1, Io(Ba) is close to unity and the
field distribution is virtuaily constant across the cross section
of the helix,

Of interest in a magnetic resonance experiment is the ficid
Hl within a sample (more correctly, one of the circuiarly poiarized
components), the coupling between the microwave field and the sample
is a maximum in the region 1 € Ba £ 1,5 (11) and it is within this
range that the best helices are made.

Pierce compares the performance of real wire helices with the
conducting sheet, His results show that sz on the inner surface
of the wire is about 0,75 of sz on the surface of the sheet for
about 4 turns per waveiength and about 0,6 for 2 turns per wavelength
(d/p = 0.5 where d is the wire diameter and p the pitch, aithough
the ratio is better smaller than larger), This reduction in sz
docs not fully occur as Pierce calculates it for a simplified case;
the heiix is slit normal to the direction of conduction and it is
o oA o
developed, so that the influence of the other side of the heiix is
not taken into account, The field within a reai helix is thus not
substantially different from the sheath helix although useful volume
is effectively lost as the finite size of the wire reduces the usable
diameter of the heiix, The total radiation fieid is divided so that

the energy propagated inside the helix is about 0,7 that propagated
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E L\J".‘(>$ ~

outside (12), the distinction between outside and inside being to
a first approximation at the mean radius, a.

(b) The Effect of a Diclectric

The analysis which has been used above takes no account of
the effect of diclectric materials yhich must piay an important
part in the operating characteristics, The microwave eiectric field
as well as the magnetic fieid travels through a samplie., In silver
halide crystals, this will be of primary importance as the microwave
diclectric constant is about 10, In this section,it is shown how
the design parameters of the helix depend on the diclectric filling it,
It is quite straightforward to calcuiate the effect of filling
the sheath helix with dielectric, Pierce'!s field eguations inside
and outside the helix are given in Appendix 1; they are altercd to
inciude the effect of a dielectric and are given in terms of the
coefficient "1' The propagation constant is now given by the

equation Al,13,

2 I K
(ya) Ly Klya) -, & (B, Cot )b)z 5.3
I (ya) K (ya)
+
where A = Iy Ky + Is K - Yz = BZ- Boz ;

el I, X +€‘2 I, X
€, is the dielectric constant of the material fiiling the helix and
(32 describes a dielectric outside extending to infinity. The case

A =1 is equation 22 of Pierce's Appendix II (10), Figure 5.3 shows

a series of curves for different valucs of € =€_1 (52 = 1) which
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allows one to find the radial propagation constant v, and hence BB
for any valuc of thc parameter BgCotq/ . For tightiy wound helices
where v is small compared with ¢, y = B,

It can be seen from Figurc 5.3 that the travelling wave is
slowed by about a further factor of 2.5 when the helix is filled
with a sampie of silver chloride., In a real helix, due to the
reduced filling factor, this sloving will not quite be attained,

The condition 1,0 S Ba € 1,5 would no longer hoid and the field
distribution across the sample would no longer have the optimum
configuration, Retaining a given value of Pa = ya and of a, the
pitch of the helix should be increased by an amount Ap, If a, is

the mean radius of the sample, to a first approximation, the increase
Ap will be multiplied by a factor ;2 , remembering that the spacing
between turns should be approximately the thickness of the wire.

The rclationship between the power flow along the helix (P)

and the maximum magnetic field on the axis,(ﬂl) is given in

Appendix I (equations AI.i5, 16) as

RO )
P = 600 iy 9—%2 B-l(ya) 5.4
Y
shere B(ya) is a function of é~i:€; > and ya,

HIZ is a paramcter of importance in considering the sensit-
P
ivity of the helix. This function is plotted against ya for the
case 52 =1, €l =& with values of £ between I and 100, in

Figure 5.4. It can be scen that, for a given value of ya, B(Ya) is
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fairly insensitive to the effect of the dielectric, but it should
be noted that a helix with a large ya has a very small value of
B(ya). If a given helix is of interest, (i.e. given a), the
function (Ya)3 B(ya) =~ (Y4a3/B)B( ya) is of more value, (This
function is plotted in Figure 5.5). As an example, if an "optimum'
helix, i.,e. 1.0 S Ba $£1.,5is filled with a dielectric without
altering any of the helix parameters, glzcx E' B(ya) = Y3B(Ya)
is reduced by between 2.5 and 3.0 times by filling the helix with
a dielectric with€ = 10. An increase in sensitivity cannot be
expected if the pitch is increased without increasing the wire
diameter; if both are increased, the filling factor is reduced.
When the sample size is not limited, %?;raszr dr ~ (WaZHIZIP)

)
should be considered,as the total field across the sample is more

important than the maximum field density.

(¢) Operating Conditions

The discussion above has been limited to a travelling wave
flowing along a helix of indefinite length, This condition would
be appropriate to a transmission spectrometer, however in the
reflection configuration, if all the microwave power was dissipated
along a sufficiently long matched helix, the sample absorption
would not be detected. If, however, a standing wave is set up
by the mismatch at the end of the helix, resonance absorption will
be observed, The matching condition is precisely the same as that

.
for a critically coupled cavity and a standing wave pattern is set
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up along the helix with the matching of the helix amounting to
the adjustment of its coupling to the waveguide, This standing
a PRNIPIPOSIPN, o

wove arrangement is cssentially[narrow-band)\'being described by
a suitabie Q-factor although the adjustment for different operating
frequencies is rather morc straightforward than with a cavity,

It has been possible to measure the field distribution by
using a brass microseter device to drive a silica fibre with a
very small quantity of DPPH, without any sideways or twisting move-
ment , up through the helix so that it accurately remained on the
axis of the helix, The fibre, which was about 0,2mm in diameter,
did not seriously affect the balance of the bridge, and slight
of f-balance was made negligible by & rather larger unbalance
introduced elsewhere in the bridge., The magnituce (A) of the
DPPH resonance was observed as a function of its position (z)
along the axis of the helix, The result of this is shown in
Figure 5.6, which is of the form expected for a standing wave
pattern, If the power dissipation in the helix was such that the
wave mode contained an appreciable amount of travelling character,
all of the minima in Figure 5.6 would not fall to zero (the
magnitude of the minima actually represent the resolution due to
the finite size of the piece of DPPH), The minima may also be non-
zero away from the helix axis because of the finite thickness of

the helix wire,
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The actual helix used to obtain the pattern had a mean
radius (a) of 1.l4mm, and pitch (p) of 1.,07mm, Substituting
these values into equation 5.1 (b can be used in this case) gives
XC E % ~ 0,15 so that the helix wavelength (A\) is calculated
to be 5.0mm, for ;\o = 3.3 cms. This compares fairly well with
the measured wavelength of 6,0mnm, (see Figure 5.6), considering
the approximations which have bcen made. The agreement could be
improved by suitably redefining '"'mean radius', If the inside
surface of the helix is chosen to describe the radius a', A s
calculated as 6,.4mm,

The (-factor which describes the standing waves in the
helix can be used in the normal analysis of resonant cavity e.s.r,
spectrometers (1 to 4), The condition for optimum power matching
(i.e. bridge balanced) will demand that the actual Q (QL) will be
a half of the unloaded J. It would be possible to calculate the
helix 3 factor from the expected loss in the helix wire, but this
ideal ¢ will not be realistic as the microwave field is allowed
to interact with gecometrically complex surroundings and with
samples which do not necessarily fill the helix. The bandwidth
of the helix and its matching system has been measured by
observing the response of the matched bridge when the klystron
frequency is modulated. This bandwidth is typically equivalent
to a G-factor of about 1000, but it must be noted that there may
be a contribution to this from the matching system and QL for the

actual helix may be rather lower,
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In the usual formulae for spectrometer sensitivities when
operating in the linear range of the detection crystal, the
detected voltage (AVL) is given by (1)

- kP o n
avy <X 0y 5.5

where k is the proportionality constant depending on the

N

configuration among sther things. X' is the paramagnetic
susceptibility (given for example by Bloch's equations 3.12),
P is the incident microwave power and'? is the filling factor of

the helix, given by
[ e dv
sample

ffieldHZ

2

av 5.6

This is simple to assess for a sample which is long compared
with the helix wavelength, If the sample fills the helix, and
noting that the energy associated with the radiation field inside

the helix is 0,7 of that outside (see end of section 5,1,3a),
- _d,2 _md 2
o= 0.2 x (1 -390 1_(;a) 5.7

where d is the wire diamcter and a the mean radiqs. The standing
wave mode indicates that only half of the sample is actually in the
microwave field, For the specific helix described above,
1L =z 0,17 and for a typical cavity'? ~ 0.04, say.

To compare a resonant cavity with a helix used in the same

configuration (e.g. bridge with reflection matching), the important
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parameter from equation 5.5 is Qﬂ? . For a typical cavity

(QL ~ 4000, say) this may be in the region of 160 and for a helix,
taking the observed { for QL' QLﬁZ = 170, The helix is thus
comparable with a cavity as the absorption cell in a spectrometer,
This is in agreement with the overall sensitivity quoted in

section 5.1.2, which is similar to that attained with an otherwise
similar cavity spectrometer operating under the same conditions

of power, time constant etc. The additional power available from
the K350 klystron which is not generally suitable for a cavity
instrument constitutes a useful further improvement in sensitivity.

(d) Helix Matching

The apparatus used for matching the helix into the waveguide
is shown in Figures 5 .7a and 7b, The waveguide/coaxial trans-
former is adjusted using a variable short A and stub B, (The
latter is not essential but often proves to be helpful), The
coaxial line is made from copper plated copper/nickel tubing with
p.t.f.e, spacers, The helix is matched to the coaxial line by
altering the length of the central conductor - i.e. by adjusting
C. As crystal orientation is altered by rotating the central
conductor, it is not possible to attach the lower end of the helix
to the outer conductor, This can cause spurious modes to be
excited outside the ccaxial line, but this has been overcome by
attaching three e four wire stubs about Y4 long to the bottom of

the outer conductor,
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The arrangement 1s sealed for operation at low temperatures
using a silica jacket around the helix, p.t.f.e. seals on the
adjustments B and C and mica windows across the rectangular wave-
guide.

Crystals must be firmly wedged in the helix to avoid
severe microphonics ("bumping'') when the assembly is immersed in
liquid nitrogen, Lens tissue is an ideal material for this
wedging as it does not give rise to e,s.r, signals.,

If thin wire is used to make the helix, microphonics would
be a problem if support was not provided, The function of the
matching system is to match the waveguide to the coaxial system
so that a travelling wave is sent along the coaxial line, and so
that any wave reflected from the bottom of the coaxial line is
fully transmitted back through the waveguide/coaxial matching (i) .
The coaxial/helix matching, on the other hand, couples the power
into the resonant helix (ii), It is not possible to adjust
the apparatus of Figure 5.7 to satisfy the criteria (i) and
(ii) separately, so it is not certain if this matching system is
totally satisfactory.

The point il on Figure 5.6 coincides with the end of the
helix (it is simply cut off at the end with no modification to
assist reflection; this does not appecar to be very important),
L corresponds to the end of the coaxial line; this helix was

matched so that the transition was actually within the coaxial
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line, but this is not very important. It is interesting to note
o . 2
that L corresponds to a minimum in Hl . The apparent reduction in
le within the helix is due to screening of the 100 Kc/s modulation,
Further investigation of helix matching conditions could

prove valuable in assessing the optimum sensitivity,

Techniques of heasurement and Irradiation

All e.s.r, spectra have been measured by reference to a
proton resonance unit (Newport type P lik II) locked to a heterodyne
wavemeter (U.S. Navy Type CKB 74028). Pips are put onto the e,s.r,
trace as the magnetic field is swept, at intervals determined by
the wavemeter., The proton resonance line-width is about 70 milli-
gauss and this is about the accuracy of the position of each pip.
These markers are obtained by discharging a capacitor onto the
chart pen,

For g-value measurements, and measurements of the kiystron
frequency, a small quantity of the free radical DPPH (diphenyl-
picrylhydrazyl) "g-marker' has been attached to the crystal under
observation,

Crystals have always been irradiated while mounted in the
helix, The crystal temperature has been adjusted by precooling
methylated spirit (freezing point = —110°C) or acetone (freezing
point —95°C) with liquid nitrogen and immersing the lower part of
the helix matching assembly in the coolant, Irradiation has also

been carried out at liquid nitrogen temperatures. The temperature
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of the coolant has been measured in a number of ways; namely,
by an alcohol or pentane thermometer or by a copper/constantan
thermocouple. The latter was found to be the most satisfactory,
Both a high pressure mercury arc source (Mazda Type ME/D
250%W) and a high pressure xenon arc source (Sgimens Type XC 500W)
have becn used as radiation sources., The sources were either used
unfiltered or with one of the the following filters: a glass plate,
opaque at less than 3,000 &; a Kodak Wratten Type 47 B Gelatine
Filter passing 4,000 to 5,000 R; a silver chloride filter at the
same temperature as the crystal under irradiation. The AgCl
filter is of particular value when the crystal surface rapidly
becomes blackened, stopping further volume irradiation, It is
important that the temperature should be near to that of the
specimen for optimum irradiation due to the large variation in
shape of the u,v, and optical fundamental absorption spectrum with
temperaturce (Section 2,3,2),

Optical hieasurements

All optical absorption measurements have becen carried out
on a Unicam SP 700 Dual Beam Spectrophotometer, The reference
beam has been used witheut any reference crystal so that the output
of the instrument is a direct measurement of the total absorption
spectrum of the crystal. The absorption spectra have been observed
at room temperature and at 77°K and an absorption cell has been

constructed for operation at low temperatures, The polished crystal
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specimens were mounted in an evacuated dewar assembly with two
silica windows to pass the light beam, Figure 5,8 shows this dia-
grammatically,

This chapter has been largely devoted to describing the use
of a helix as a spectromcter absorption cell as there is littie
published work on this subject. ebb's application of Pierce's
theory to an e.s.r. helix cell has been briefly described and this
@ extended to include the effect of a dielectric in the helix,
Filling a helix with a diclectric only has a relatively small effect
on the fields in the helix, The matching conditions are described
qualitatively and more detailed information on this subject would
be very useful,

The next chapter describes the preparation of the samples

which have been used.
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CHAPTER VI

THE PREPARATION OF SILVER CHLORIDE

Introduction

Considerable difficulties were encountered in attempting
to reproduce the results obtained in early experiments with silver
chloride and bromide, It appeared that this was in part due to the
low purity of the materral becing used and in part due to lack of
experience in handling silver chloride, which has a number of
unusual and awkward practical properties,

It was decided that the best course would be to foliow the
information available from workers (1 to 6) who are responsible
for many of the results described in Chapter II. The techniques
which are described in this chapter are derived from these references
and the more difficult parts of the preparation are emphasised,
Apparatus has been built to zone-refine silver chloride and bromide,
particularly because the study of nominally pure crystals can, as
is clear from Chapter II, be seriously disturbed by unknown impurities,
All silver chloride which has been produced has been zone-refined,
and the same mechanism has been used for crystal growing.

The procedure described is essentially the same for making
silver bromide.

Chemical Preparation

Silver chloride is precipitated as a fine powder when silver

nitrate and hydrochloric acid are mixed, Silver nitrate of spectro-
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scopic purity has bcen used without further purification *

The reagent grade acid was fractionally distilled to give a constant
boiling mixture and then re-distiiled in a Fenski type of fraction-
ating column, At all stages, doubly distilled and usually deionised
water has been used. A normality for both solutions of weaker

than N/5 should be used to give a fine precipitate. (With more
concentrated solutions, when the precipitate is nearly dried, it
tends to stick together in lumps making complete drying difficult).
The solution in which the precipitation is carried out should
contain an excess of acid and should be at a temperature of about
70°C.

The actual precipitation of AgCl has followed the conditions
mentioned above, In order to produce a useful quantity of silver
chloride, many litres of liquid must be handled, A well aged
borosilicate flask (5 litre) was used, allowing the silver nitrate
and hydrochloric acid to enter at about 50ml,/min, into the already
acid (N/10, say) contents of the flask with continuous stirring.

When precipitation is complete, the AgCl quickly settles and
most of the liquid can be drained off. The AgCl is repeatedly
washed, say ten times, stirring it up well with the water, (In the

ecarlier washes this can be mildly acid, N/100 HCl) .

% Eastman-Kodak Special Product Silver Nitrate X-491
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Drying was achieved by first of all washing the AgCi into a
sintercd glass funnel (porosity 4), and then after filtering, the
AgCl was slowly pumped dry. This was carried out by initially
using a backing pump and finally, after about two days, using a
diffusion pump and warming the AgCl up to about 150°C. Following
this procedure, it is possible to prepare a reasonably free running
powder,

Sone of the silver chloride which has been used was bought
as a powder to avoid the initial precipitation procedure ¥
This matcrial was not nearly so finely divided and it couid not be
dried further, It probably contains about the sameamount of tran-
sition metals - a few parts per million of the important impurities
such as iron and copper,

The next step in preparation is the melting and '"pinholing"
of the AgCl, This is the most awkward part of the procedure partly
because silver chloride can stick to its surrounding tube on
solidification, causing the silica to shatter. The latter problem
has largely been avoided by aiways melting the AgCl in an atmosphere
of chlorine, (Silver oxide and silver are largely responsible for
the sticking).

6.3 lielting
As the melting point of siiver chloride is at 450°C, it was

found necessary to melt it in a silica container, It was clear from

% Johnson-ilatthey "Specpure' Silver Chloride Jii-58.
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an carly attempt that borosilicate (Pyrex) glass is very "dirty" at
such temperatures, An additional advantage in using silica is its
much greater mechanical strength,

The "pinholing' apparatus was a simplified version of that
originmlly described by kitchell (1) and is shown in Figure 6.1,
Ordinary quality (Thermal Syndicate) silica tubing has been used
and typical dimensions arc indicated, (The bore of the lower tube
is of importance as will be seen in the next section,)

The upper compartment A is first of all packed with the AgCl
powder and an atmosphere of chlorine is substituted. The silver
chloride is now melted using a gas torch with a large flame, which
is more convenient and flexible than a furnace as it allows the
state of the contents to be examined. Jhen all the AgCl has been
melted, it can be run through the "pinhdd' (a) to solidify
immediately in compartment B, A black debris is left behind on the
wall of compartment A, This is mainly silver and silver oxide and
the pinholing constitutes a very useful part of the purification,

7hen the AgCl, now in B, has been remelted* and chlarine gas
has bcen bubbled thrcugh it for about 30 minutes, it is finally
* It may be worth bubbling oxygen through the AgCl at this stage

or at the corresponding stage in A, in an attempt to oxidize any
iron impurity. The oxide is virtually insoluble in AgCl and

would be left behind on the wall,
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pinholed into C, A very small amount of impurity is left on the
wall of B.

As the AgCl pours into C it must be kept molten and only
allowed to solidify slowly from the bottom.* This cast cylinder
of silver chloride is now ready for zone-refining after extraction
from the silica tubing,

The process described in this section removes virtually all
insoluble impurities (most of them are introduced in the precipitation)
The zone-refining described in the next section reduces the
concentration of soluble impurities such as transition metal ions,

Zone-Refining

The principles of zone-refining are well known and are described
in Pfann's book (7). The application of this technique to the
purification of silver chloride is described in reference 4.

The apparatus shown in Figure 6.2 was built to allow vertical
as well as horizontal zone-refining, The latter must be used for
the silver halides, It was used very successfully in a vertical
position to zone-refine nephthalene and similar chemicais as the
onditions for refining such compounds with complex structures
are not nearly as strict as for refining simple lattices such as
AgCl.

% Remelting of the AgCl at this stage would almost certainly
causc the tube to shatter as AgCl expands substantially before

it melts and by a few percent on melting.
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The distribution coefficients were measured by iloser,
Burnham and Tippins (4) for a number of important impurities in
AgCl and these are shown in Table 6.1, The distribution coefficient
is the ratio of the solubility of an impurity in the host when
liquid, to the solubility in the solid.

Table 6.1

Distribution
Halide Impurity Atmosphere Coefficient
AgCl Cu Cl2 or vacuun 0.4 - 0.6
AgCl Pb Cl, or vacuum 0.4
AgCl Ni Cl2 or vacuum 1.4
AgCl Fe Clz ~0.7
AgCl Fe, kn, Cd Vacuum > 1
ALgCl Sn, 41, Sr Vacuum <1
AgBr Cu Vacuum <1
AgBr Fe, Ni, in Vacuum >1

In the case of crystal structures made up of large molecules this
coefficient is usua:ly much greater than unity which means that
refining is simply and effectivdy achieved, As can be scen from

the table above, this is not true in materials such as silver
chloride, but as long as a large number of '"zone passes" with short
molten zones can be passed through a sample, very useful purification

can be obtained., The case of iron with refining under chlorine, is
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of particular intcrest as the iron is more soluble in the solid;
this is presumably due to the presence of the stable (FeCl4)—
complex, which fits well in the lattice. It is not possible to
remove iron very effectively by zone-refining, even in a practical
multimate'" distribution and it is for this reason that it must be
taken account of in many experiments with nominally pure AgCl,
Silver chloride must be zone-refined horizontally because
of the expansion and sticking problems. It is necessary to tilt
the refiner to avoid transport after many passes due to the expansion
when one end is i'clted and the contraction when the zone leaves the
other end. The neccessary angle of tilt depends on the expansion and
on the surface tension of the liquid and is found empirically to be
about 6% to the horizontal,
The details of the actual refininz are as follows, About
9 inches of the 9mm AgCl bar prepared as described in the last
section is placced in a well cleaned lcm, bore silica tube, This
tube has one end closed, with a further piece of silica attached
at this end as a support. The silver chloride is melted to fill
about 80% of the cross section of the tube, care being taken to
restrict the unsupported end of the AgCl by tipping the tube,
It is essential that the AgCl should be allowed to freeze rapidly
as the remelting prior to zone-refining can easily shatter the tube,
The eight heaters .are each made from three turns of 0,062"

diameter "0" grade nickel wire, supported simply by the terminals,
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The heaters are mounted in parallel, drawing about 300 amps at 2 volts
from a welding transofrmer. The input to the transformer is fed

from a "Wariac" and the end heaters in particular are shielded from
draughts by a box of asbestos paper, The heaters are 1’4 inches
apart and a zone length of 3/16" to %" can be maintained at refining
speeds of up to 1.,5" per hour, The heater carriage is driven on a
lead-screw, from a reduction gear-box followed by a differential
gearbox. The initial drive is taken from a '"Welodyne" type 74 motor-
gencrator, The generator provides a d.c., output proportional to

its shaft specd and after comparison with a reference voltage, this
output is fed through a servo-circuit to control the motor armature
current, By this mecans, a stable, reproducible and continuously
variable range of output speeds between 50 and 11,000 r.p.m, is
available by varying the reference voltage, This range is of great
use as zone-refining has been possible at speeds of up to 3"/hour,
Using a different furnace crystals have been grown at 0,05'"/hour
(more usually 2mm,(0,08") /hour),

Usually 80 to 100 zones have been passed along the silver
chloride bar, Great care must be taken to avoid the AgCl 'bridging"
the full scction of the tube, This is especially important at the
starting end as remelting would almost certainly shatter the tube,
This number of zone-passes should be sufficient for a nearly optimum

impurity distribution,
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After zone-refining, both ends of the AgCl show some
colouring, The zone starting end is yellowish brown (typical of
iron) and the finishing end, after some irradiation, is a blue
colour typical of silver colloid, This indicates the presence
of copper among other things (2.4.5a). The central portion is not
at all photosensitive and about 33 to 50% of the totai bar has been
selected for further use,

It has not been possible to have the purity of the silver
chloride spectroscopically analysed but it is reasonable to assume
that there is less than 1 part in 107 of all impurities, The sensi-
tivity of the e.s.r. spectrometer is such as to be able to detect
certainly less that 1 part in 106 of certain specified impurities
(e.g. Fc3+, Cu2+, Mn2+). The limit may be as low as 1 part in 107
for cubic Fc3+. It is important to grow crystals in high purity
quartz containers as 1is explained in the next section,

Crystal Doping and Growing

The crystals used in all the experiments werec grown in a
silica tubeydrawn out to a point,as container and using the
Bridgman-Stockbarger technique, The arrangement is shown in
Figure 6.3. The upper furnace was set nominally at 500°C and the
lower was water cooled, The temperature of the solidified material
was much higher than this, about 350°C. This could be seen from the
yellowish colour of ithe crystal which is a result of the extension

of the long-wave tail of the fundamental u,v, absorption weil into
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the optical region at high temperatures, Using this procedure,
quite good single crystals have been grown, usually under a pressure
of about 20cm Hg of chlorine.

Doping of most crystals has b:::iﬁgvadding about 1 to 2 parts
in 104 molar, of the impurity as the anhydrous meta!: chloride before
melting the silver chloride, Ferric chloride was separated from
the hydrated form by fractional sublimation, and both ferrous
chloride and auric chloride were prepared by pumping and heating the
hydrated ferrous chloride and chloroauric acid respectively, The
effect of water attached to the iron chlorides is that they oxidize
when melted with the silver chloride, but with care this can be
avoided.

Crystals with 1 part in 105 of impurity were doped by mixing
10% of a previously doped 1 : 104 crystal with pure silver chloride.

About 1 ppm of iron was found to be present in gold doped and
nominally pure crystais, The source of this was eventuaily found to
be the silica tubing used in the furnace, High purity quartz tubing
was subsequently used and this gave no trouble, On one occasion
a "pure" crystal was grown in a tube that had previously been
used to grow a gold doped crystal, The pure crystal showed the
characteristics of a gold doped crystal, For this reason all tubing
has been uscd once only,

All zone-refining has been carried out using ordinary quality

tubing with no apparent introduction of impurity, This must be a
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result of "ageing'' of the silica in the early stages of the refining
and the subsequent extraction of the introduced impurity later in

the process, Clearly, in the future high purity tubing must be used
for zone-refining as well as for crystal growing, as the final

purity must be affected,

Crystal Cutting and_Handling

Handling crystals of the silver halides introduces many problems.
Dislocations are remarkably unstable and it is probably nearly
impossible to cut the crystal without causing severe mechanical damage.
(Bending a crystal of silver chloride requires little effort and the
f:é;;:ivjs quite plastic until it hardens and can then be broken).

In general, crystals have been cut using a fine stainless
steel saw lubricated with xylene, About 0.5mm, is then removed
from the cut surface using a very fine '"wet and dry" carborundum
paper (600 grade) with distilled water as lubricant and finally the
aystals are etched in a 3N hypo (sodium thiosulphate) solution to
remove a further 0,5mm, Provided the initial surface of the crystal
is clean and free from grease, and the hypo is continuously agitated,
this method is satisfactory for crystal preparation, Othcr workers
have found it necessary to use cyanide solutions to etch samples for
optical work, but polishing in hypo has been quite satisfactory,

pMethods of Crystal Orientation

Silver halides are mechanically very isotropic., They do not

cleave and because of the cubic structure, do not exhibit any
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directional properties as far as distortion or polarization are
concerned. A few seconds etch in hypo produces etch pits on the
crystal surface but it has been much simpler to find the crystal
orientation to a first approximation by growing epitaxial NaCl
crystals on the surface. After this stage, two methods have been
used for more detailed information regarding the crystal axes,
(a) Crystals have been mounted in the oscillating camera of a
X-ray goniometer®, a back-reflection method being used, and it was
found possible to cut the crystal to within one degree of the
measured axes, the final adjustment being possible in thec e,.s.r.
spectrometer by inclining the helix and dewar by as much as 3% to
the magnetic field,
(b) In iron doped crystals, the relatively simple anisotropic
fine structure of the (FeCl4Y'spectrum was latterly used to find the
crystal axes, Adjustments normal to the axis of the coaxial line
leading to the helix were made by bending the helix by up to 30o
from normal to the field direction, Where it has becn possible,
this procedure has been used, as it is much more straightforward
than the X-ray method,

All crystals have been cut so that they are rotated about a
crystallographic (110) axis, the field direction lies in the plane
normal to this axis and allows the observation of spectra along

* Philips Type PJ 1009/25 Generator with a Nonius-Weissenberg camera
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(100), (110) and (111) axes, without disturbing the crystal,
It has been found that wandering of the crystal axis can
cause appreclable problems, It has been possible to estimate this
wander to be as much as 5° in some iron doped crystals, by examining
the loss of spectral resclution in certain directions, It has usually
been found possible to find crystals with the axis defined to better
than 10. Examining the anisotropy of spectral resolution of the
(FeCl4)- spectrum it is possible to distinguish between a lot of
small variations in crystal axis and a small degree of '"twinning',
The reason for the failure to orient the gold doped crystals
is probably a result of the superposition of a number of spectra

from sub-crystals with a few degrees variation in axis,
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CHAPTER VII

RESULTS OF E,.S.R. STUDIES IN SILVER CHLORIDE

The measurements which are described in this thesis are
principally concerned with the properties of iron as an impurity
in silver chloride, A brief description will also be given of
some observations on crystals of AgCl:Au and AgC!l:Iin,

Attempts to observe e,s.r. signals in pure, undoped silver
chloride or bromide have been unsuccessful; in general, these
experiments set out to find if a high temperature oxidizing or
reducing anneal followed by slow cooling or quenching could produce
paramagnetic centres, The irradiation of crystals with different
histories at temperatures between 300°K and 77°K was also investigated.
The only signals which have been obscerved are due to small traces
of Fe3t or Cu2+ impurity under conditions when these would be the
expected valencies, The sensitivity of the spectrometer is difficuilt
to calibrate when using a helix with silver chloride crystals because
of their large dielectric constant, Less than 1 ppm of Fe3+ or
Cu2+ should be very casily detectable, If the amount of iron present

in doped crystals has been correctly estimated, the limit of

3+ i
detection for Fe tis probably in the region of 0,1 ppm,
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E.S.R. Spectra of Fc3 in Silver Chioride

(a) Cubic (FcCl4\- Complex

The cubic spectrum of trivalent iron in silver chloride
which has been mentioned in section 2,4,5(b) has been produced
under different conditions which are described in 7.2, The
analysis of this spectrum has been published by Hayes, Pilbrow and
siifkin (i) and the parameters describing it are given in table 2.3,

The parameters fit a spin Hamiltonian of the form

a 4 4 4 ] : 2 :
A= s v g (st es t st - dsts v s 438 - )

2]
) n n n
+ Zn[“szlz + B(Sy LM+ syly') + P(IY -3 11" 4 1))

- gByil. 1] 7.1

which is a combination of the terms 4.i6, 17 and i9. E ,

and g’ are the cube axes which coincide with the crystallographic
<100> axes., ieasuremcnt of the g and a2 parameters at ZOOK and at
77°K yiclded the following values:

+

g =2.058 % 0.001; a=752%07x10%n"

the ) 5 [| P32 *5/25] and Hy o174 &5 (|3 3/25)
transitions are wcil resolved along the <100> cubic axes but only
partially resolved aiong a <l111> axis of the cube, Otherwise the
two pairs of fine structure lines coincide sufficiently to produce
a pair of distorted lines, Figure 7.1 shows the <i00> and <lil>

spectra with the partially resolved extrahyperfine structure on the
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H3[ |- %>-+|+ 3] transition. The angular variation of the fine
structure is as would be expected for the cubic term, (The
expression for the a term specified relative to the magnetic field
(z) axis is given in Appendix II, also references 2 and 3),

A detailed analysis of the partially resolved extrahyperfine
structure on the |- %>-¥|+ %> transition was not carried out
owing to the publication of Hayes' results, Garth's much more
accurate ENDOR results should provide a more reliable set of
parameters (4), A careful check was made to ascertain that the
extrahyperfine structure corresponded with that of Hayes! results,
It was not possible to detect any difference between the spectra
so it is safe to conclude that they originate from the same
centre,

One interesting characteristic of the resonance which has
not been mentioned in any of the publications (1,4, 5) is that the
degree of hyperfine resolution of the central line is slightly
anisotropic, the resolution being poorer on the low field side.
The resolution of the spectrum is ve;;:23222952£4e—ee-saturation
broadening; at 77°K the microwave power at the helix must be
below about -5db (approximately 1 watt at the helix is Odb) and at
20°K below about -25db,

The overall resolution of the fine and hyperfine e.s.r,
spectrum has been found to be very dependent on the particular

crystal and it has proved very useful to examine the spectra carefully
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as this provides information regarding thc degree of crystal
perfection (section 6.7) The best crystals show considerably
better resolution than the published results (1, 4, 5),

This spectrum will be referred to as spectrum A,

(b) The Trigonal (FeCl,) Complex

In the investigations into the formation of spectrum A
during irradiation, a new trivalent iron spectrum has been observed,
This spectrum (B) is produced by irradiating certain crystals at
about - 105°C and is unstable above - 75°C. The specific thermal
characteristics are described in 7,2,

The best resolved version of spectrum B has a background of
spectrum A and there is also another spectrum (C) superimposed
which it has not yet been possible to analyse, Despite serious

[
attempts to include 4. in an analysis of B, it has not been possible

to take it into account, Typically, the splittinggzs;e in the
region of three times greater than B and what is possibly the
central line is proportionately more anisotropic, The overall
intensity is probably between five and ten times below that of B,
and the behaviour of the spectrum C within a region of up to about
650 gauss on cach side of g = 2, depending on the orientation, is
obscured by up to 14 lines of B, and 5 of A, In the discussion

of the origin of B in the following chapter, it is pointed out

that some other distorted complexes may exist under conditions

favourable to the formation of B,
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Two properties of C are worth noting: the line widths of the
absorption are comparable with A and B and the spectrum is approxi-
mately distributed about g = 2, which might imply that it is
basically a high spin Fc3+ resonance, The saturation may be
slightly greater under similar conditions, Spectrum C has oaly been
seen in one crystal, but this was considerably more perfect than the
others in which B was examined; the larger splittings of C will make
the spectrum more susceptible to line broadening by variations in the
crystal axcs and it is thus not certain that C did not exist in
the other crystals,

It has been possible to fit spectrum B to a first order using

a spin lamiltonian Aéq given by

A =83 HSH %[Q} +S?, +S gs(s+1)(3s + 35 - 1)]

2 _

1 s(s+1)) + —

+ D(sS 180 (358, 4 _ 30 5(s + 1)512

+25512- 6S(s + 1) + 382(s + 1)2) 7.2

where the axis (1) is the axis of distortion and the term in F

takes account of possible fourth order effects from the distortion.
The maximum splitting from g = 2 is along a <l11> axis and is in

the region of 650 gauss, so that an examination of “s for various
directions of magnetic field and distortion to the cube axis implies
to first order that the most important term is gBH.S which should

be diagonalized and that the othter terms should be specified

relative to the H axis where H ” z, The result of this transformation

is given in Appendix II,
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For any given orientation of a complex, five transitions are
observed at the magnetic fields:
+ 1 + 3

to |5 - 1 1
SPRERE AL LS £ "2,4’I 2>2&[= 5 Hy= |- 3>t 5o
’

The angular variation and the "off-diagonal" corrections to these
are necessary to examine the detailed fitting of the spectrum B,
The equations which are given for the splittings reduce to those
quoted by various authors for specific cases (e.g. references2 to
5 of Appendix II).

The possible relationships between the 1 axis and the cube
axes g v 1 s £ have been studied in detail and only one possibility
has been found which shows any agreement with the experimental data.
This is with the cubic axes coinciding with the crystallographic
axes and the trigonal (or tetragonal) axis coinciding with a
crystallographic <111> axis, This arrangement is shown in Figure
7.2. There are four possible orientations of the trigonal axis
within the cube, and as the AgCl crystal has cubic symmetry
(NaCl structurc), all of these must be equally possible, For an
arbitrary orientation of the magnetic field relative to the axes,
there will in general be four separate spectra of five lines each,
By restricting the magnetic field to a crystallographic {110)
plane (shaded in Figure 7.2) the 1" and 1"' axes are equivalent
and so the spectro associated with distortions along these axes

coincide.,
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Considering the three high symmetry directions in this (IIO)
plane, when z is narallel to ;, [001] all distortions are
indistinguishable and there should be a single spectrum, In practice
the crystals have either not been sufficiently perfect or have been
incorrectly aligned as the spectrum has not been simply resolved,
This is not surprising as an examination of the angular variations
shows the coincidence of the spectra from near-equivalent sites
to be very sensitive to orientation, For H|[[110] the axes 1 and
1llare indistinguishable, but detaiied assignment of the lines
(Figure 7.3(a)) has only followed a detailed assignment of the
“i![lll] spectrum, ihen H is parallel to 1 ([111]) the 1', 1
and 1'"'' axes arc all equivalent and it has been possible to fit the
spin Hamiltonian 7,2 to this spectrum (Figure 7.3(b)) by measuring
the splittings JI,S = Hl - H5 and 32’4 = H2 - H4 for both sets of
spectra, The following parameters (in units of 10-4cm-1) fit these

splittings to within 3 gauss provided the difference in "off-diagonal"

‘terms in AII.7 is taken into account:

20K :a=(+) 187.0%1, p=()81.3%1; F=(9) 637
77°K s a = (H)181.0%Y2; D=(-) 79.0%2; F=(-) 4.0%2

where g is assumed = 2,0063 (see below) and a is assumed positive,

Using these parameters and predicting the splittings for the

H,l<110> spectrum, produces a fit for the splittings Wl 5 and WZ 4
’ ’

for the two spectra to within about 8 gauss, The behaviour and
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position of the <i00> spectrum mentioned above is also in
agreement with this assignment of parameters,
The angular variation of spectrum B has been studied in some

detail and again,, provided the splittings Hl 5 and “2 4 are measured,
b

?

splittings can be found to fit the predicted variation for most
angles, This is not shown graphically owing to the difficulties
associated with separating B from the spectrum C with any degree of
certainty.

Care has been taken in the preceeding discussion to restrict
the fitting to the difference inf ield between pairs of lines,
If the absolute positions of the lines are studied, there are a series
of errors between the measured and the caiculated values which are
often larger than 20 gauss, These discrepancies can be seen in
Figure 7.3 where the assignment of lines has been put above the
spectrum and the calculated positions are shoﬁn below, The notation
used is as follows: for the [111] spectrum (Figure 7.3(b)) with
’I'l' spectra for the distortion L are H), H, etc; for the

equivalent distortions ir, lp iﬂ', the lines are at ﬁl' ﬁZ etc,

)
For Figure 7.3(a) (z N[ixo]), the indistinguishable distortions 1
and 1' lead to spectra i , H, etc.and the distortions 1" and 1'!
give the spectra ﬁi’ ﬁz etc. Some of the assignments of the [110]
spectrum are tentative,

It is not easy to check the relative intensities of the

absorption lines, For the [111] spectrum the intensities of the nine
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lines should be in the following ratios(6),

s 1 s : : +f,=5: : : :
H1’5 d2,4 H H2’4 H3 H3 5 8 15 24 36

Apparently (hc Hl 5 lines arc too intense by a factor of
)
about 2 comparcd with the EZ 4 lines, This could be because of
’

lines of C superimposed on the H1 5 lines or because the H lines

)
would be more susceptibie to small distortions caused by local

defects., Examination of the spectrum under conditions of
saturation indicates better agreement and the first explanation

might be preferred, The ratios H : H?"4 and ﬁl,s : H2'4 are

1,5 °

correct to within about 1C% which is the bes¢ assessment which can

be made.

The discrepancies in the fitting of the spin Hamiltonian 7,2

are discussed in Chapter VIII, The inclusion of a rhombic term

2
2

Its affect on the H transitions would be smali for H

’ ’
but it would cause a further splitting of each of the H lines owing

E(S, - 532) (AII,1 and 4) is of no value in improving the agreement.

1,

to the reduced symmetry; this is not observed., Including the
rhombic term in a more general manner does not produce any
arrangement which can explain the measured spectrum,
The spin Hamiltonian AIL,l contains all possible terms to
fourth order which are even in the components of the spin operators,
The g- velue of spectrum B cannot be calculated because the

deviations in the spectrum are effectively deviations in the g-value
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of individual pairs of lines and it is quite arbitrary which set is
chosen to calculate the g-value. In the calculations of the
predicted line positions, it was assumed that the H

3

with its off-diagonai correction gave the g-value, This value is:

+Hy ([111]) line,

g = 2,0063 £ 0,001
where the error is due to error in measurement of the H line,
The actual g-value is probably substantially different from this,
There is no evidence to suggest that the g-value is anisotropic;
this would not explain the discrepancies in the results,

(¢) Other Spectra

A number of other spectra have been found which are in some
way associated with the spectra A and B, It is not possible to offer
a reliable explanation of any of them,principally becausec the
conditions under which they are formed are not altogether clear
and it is not possible to sediably reproduce the res;it;z% On the
other hand, in the discussion in the following chapter concerning
the formation and decay of A and B, it appears to be possible that
other complexes may exist under particular conditions, so it is of
volue to indicate generally the spectra which sometimes occur,

These spectra can be divided into two categories:

(i) Unstable spectra associated with the rapid warming of crystals

which have been irradiated below about -75°C, (ii) Stable spectra

associated with the decay of A at room temperature,
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(i) B
In a number of samples, particularly following irradiation
at temperatures below —7500, and rapid warming to about —400C, a
resonance with an isotropic g-value of 4.3 and a very distorted line
shape has been found, This spectrum has usually occurred during
other experiments and the conditions for formation mentioned above
appear to be a common factor, although it has not been possible to
reproduce the spectrum by trying to repeat these conditions,
The speed of warming and the end temperature may be very important;
bearing this in mind a possible explanation is offered in Chapter VIII,
The intensity of the recsonance would correspond to about 1
part in 105 of the complex for the specimen with the largest signal,
Spectrum D quite often occurs with a magnitude not much above the
limit of detection during the formation of the (FeC14)- centre (A).
An identical absorption has been observed by Castner et al,
(7) for Fe3+ in glasses and more recently by a number of other
workers (8). It can be explained by assuming a 685/2 ground state
with a spin Hamlltonian in which D = 0 and E>>gBH (7). The effect
of E is to split the sextet into three doublets with the energies
W=0, t 2‘j;'E and the magnetic field splits the ¥/ = 0 level
with an isotropic g-valuec of 4,286, The other levels are very
anisotropic with three principal g-values of 9,678, 0.857 and 0.607,

The samples in which a strong 4.3 resonance was observed were not

sufficiently well oricnted and were probably too imperfect to detect
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these transitions, The basically tetrahedral model for this centre
which was suggested by Castner fits very well into the silver halide
lattice (Chapter VIII),

This spectrum is known as spectrum D,

=

On two occasions, when the spectrum D was allowed to decay by
warming the crystal to about -30°C for a few minutes, another spectrum
(E) has been found, This is also very unstable and warming above
about -ZOOC,cvcn very briefly, causes the spectrum to disappear,

It has not been possible to reproduce this spectrum and measurements
have not been made as the crystal orientation in the particular
samples was unknown, The absorption was a single line about 100 gauss
wide and its g-value varied between about 2.0 and 2,5 depending on the
orientation, liore information would be needed about the conditions

of formation and the parameters for this centre befare an explanation
could be attempted,

(ii) F

Crystals containing in the region of 1 part in 104 molar of
iron exhibit a wide isotropic resonance after substantial irradiation
at room temperature, or after the spectrum A has been produced and
allowed to decay a number of times at room temperature. The g-value
of this spectrum is 2,35 3 0,02 and the linewidth (between points of
maximum slope) is about 300 gauss, The spectrum disappears when the

crystal is anncaled in chlorine at about 400°C, and slowly cooled,
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Saturation of spectrum G (derivative),

only incident power is varied (V= 9.19Gc/s.H 110, T = 77°K)
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Annealing in nitrogen or under a vacuum of about lo_zcm.Hg is only
partially successful in removing the resonance,
"his spectrum (F) is probably due to an Fe3+ precipitate in

the crystal, It is discussed more fully in Chapter VIII,

H®)

"hat appear to be intermediate spectra between A and F are
sometinmes observed, They are usually rather anisotropic, consisting
of a fairly broad line, perhaps with some associated weaker fine
structure lines,

One of the spectra with a <110> axis as principal direction
and gll = 2.43, g, = 2.08 at 770K is worthy of special mention,

It has a very curious characteristic which it has not been possible
to explain, This is associated with the power saturation of the
absorption, Figure 7,4 shows the first derivative of the absorption
for a number of different incident microwave powers, The gain and
sensitivity are otherwise unaltered. The results shown in Figure 7,4
were obtained at 770K but they are idcnticalﬂgé results at ZOOK

and 300°K except for a small change in position, Integration of the
derivative absorption spectra shows that an individual part of a line
is only saturated when it reaches a specific intensity as is shown
in Figure 7.5 (the shift in position may be due to "fine structure"
on the high field side of the line progressively saturating;

measurements at lower temperatures should clarify this point).

This is distinctly different from the usual power saturation effect
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which is propertional to the transition probability (section 3,3(¢)).
If the absorption line is assumed to be made up of a number of
unresolved (hyperfine) components, and these components are assumed
to have the same unusual saturation properties, the extremely large
slope on the sides of the individual saturated absorptions will cause
a "stepping' of the envelope, It is this effect which is seen in the
first derivatives in Figure 7.4, The phenomenon of saturation
broadening in this special case leads to an increase in resolution

of the components of the line, The unsaturated lineshape is nearly
Gaussian,

No attempt has been made to analyse this spectrum but the
characteristics described above suggest a possible qualitative
explanation which is discussed in Chapter VIII,

This spectrum and a number of apparently similar but less well
defined ones which may be more closely related to F are fairly

stable at room temperctures, They are destroyed by annealing and

" also possibly by mechanical damage.

+
Thermal Characteristics of the AgCl:Be3 Spectra

(a) Properties of the Cubic (FeCl,)_ Centre
R

The experiments of Hennig (5) and of Hayes, Pilbrow and Slifkin

(1) showed that the spectrum A was fairly stable in silver chloride

crystals, following quenching from a high temperature anneal (2.4.5(b))

It has been found that this spectrum is obtained by irradiating iron

doped silver chloride crystals at temperatures between about 0°C
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and -75°C. Both filtered and unfiltered optical and u,v,
radiation has been employed (section 5,2) with little apparent
difference in effect. (The more energetic radiation produces some
darkening of the surfaces of crystals), It is not as important to
use well filtered radiation,as has been necessary in the experiments
with AgCl:Cu (2.4.5(a)) . The formation of A does not appear to be
associated with the crcation of a latent image in the volume of
the crystal (2.6) in contrast to the effect of Cu+ (2.4.5(a)).
This probably explains why u.v, radiation can be more successfully
employed. Nevertheless more penetrating longer wavelength radiation
should produce a more evenly distributed and probably more intense
spectrum, as ultra-violet radiation is heavily attenuated by the
crystal (2.3.2,)

Experinents have been carrigd-out.on crystals containing two
different amounts of iron, namei;ZZLout 1 part in 105 g;d about
1 part in 104 molar, Crystals with the former doping which had been
grown in an atmosphere of chlorine and carefully annealed (cooling
them over a period of about 16 hours) showed a strong (FeC14)-
spectrum (i), The intensity of this must be at least equivalent
to 50% of the iron in the crystal, This spectrum only decayed after
the crystal had been damaged, for example by repeated rapid cooling
from room temperature to 77°K; Spectrum A was re-established but
with a lower intensity following irradiation, This could again be

forced to decay and repeated irradiation suggests that all of the
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iron is eventually converted into the form which gives the spectrum
F. Annealing the crystals under chlorine re-established spectrum A,
but the overall stability was somewhat lower, It is not possible to
describe these effects quantitatively as they are apparently very
sensitive to crystal handling and history., Re-annealing of the
crystals with the lower iron doping followed by fast or slow cooling
under vacuum or nitrogen is generally not very successful for re-
establishing the state which is the basis for A; growing the
crystal under nitrogen would probably be more profitable, but this
has not been investigated for these crystals.

Generally, the spectrum A is much less stable in crystals with
1 part in 104 of iron, It usually decays in a matter of minutes at
about 10°C, although in some crystals, particularly freshly grown
ones, the decay may take a few hours., The spectra are always stable
over a period of at least some hours at 0°C and can be stored
indefinitely at 77°K. There is no obvious distinction between the
effect of annealing followed by slow cooling under chlorine or under
vacuum,

The conditions for the formation of the spectra F and G,
associated with the decay of A, have been described in 7,lc(ii).

(b) Formation of the Cubic (FeCl,)  Centre

The model proposed by Hayes (1) for the spectrum A is that of

¥

Fe in an interstital site of the AgCl lattice, It is tetrahedrally

coordinated to four ligand chlorine ions and the other four tetrahedrail
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sites which should contain Ag+ ions are vacant (Figure 8,1),
A series of other experiments have shown that this model is correct
(2.4.5b) and the results presented in this thesis provide further
support for it,

The mechanism for the formation of the (FeCl4)— centre by
irradiation must be fairly complex because the starting point, as

2+

is discussed in Chapters II and VIII, is very probably an Fe“ ion on
a silver ion site, A number of steps must be involved in the
conversion from one state to the other and it is this process which
has been investigated.

Irradiation of iron doped silver chloride crystals at 77°K
has never had any detectable effect on the properties of the crystals
which have been studied,

An examination has been made of the effect of illumination on
iron doped silver chloride crystals for a range of temperatures
between room temperature and -115°C. Down to about -70°C (to -75°C
with rather lower efficiency), the spectrum A is produced, as was
described in the last section. Between -75°C and -95°C irradiation
does not produce any spectra, although in one or two particular
crystals subsequent warming to -75°C formed the (FeCl4)- centre,
perhaps following the release of trapped charge carriers. Below
—95°C, but above about -105°C, the centre responsible for spectrum
B is formed during irradiation, This centre is probably formed more

easily if the crystal has been cooled over a period of about an hour,
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particularly in the temperature region of -SOOC to -90°C. The
details of this dependence have not been studied.

Tﬁé’u:;;i;é;%;hzgectrum B has been investigated by allowing
the crystal to warm up in steps of about 3OC over periods of about
5 minutes, re-cooling after each interval to measure the spectrum
at 77°K. The spectrum is unaltered up to -75°C where about half of it
is converted to A in 5 minutes, The next step of warming to -720C

AH'vcm'w“*-"-i all fha arl
completed the conversion to A, The—total-number OQZB centres/ changed
into A +s—=~—1:}, taking account of the intensities of the lines
involved, It is safe to conclude that the one centre decayed to form
the other,

The possible effect of rapid warming of some crystals irradiated
at between -80°C and -105°C is described in 7.l c(i)., Attempts to
reproduce spectra D and E in a controlled way by warming crystals
containing the centre B from 77°K to —40°C in about 1 minute have

always converted B to A,

Other Experiments

Experiments were carried out preparatory to studyinz the spectrum
of Mn2+ in silver chloride,, These experiments were not continued in
detail owing to other work which has been described in section 2.4.5c.
The spectra which were observed were typical of divalent manganese,

A more detailed study of gold doped silver chloride has been
made and early results suggest that under some conditions, a para-

magnetic species can exist in the crystal, In general, a search has
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been made for paramagnetic centres associated with the effect
of radiation on the crystals. whicﬁiappean: B ais
sensitizé&%on.mechanism.(2.4.5d). Similar experiments have been
attempted as those which were carried out on the iron doped

crystais, The result of this work was that no paramagnetic centres
were observed, The two states of gold which would be likely to occur
in AgCl are ' monovalent Aut and trivalent Au3+. The former is
certainly diamagnetic (5d10), the latter (5d¢%) may either be diamag-
netic or the ground state may be a singlet (non-Kramers) far below
any other states,

It was found quite often that freshly grown crystals which were
probably only partially annealed (for an hour at 250°C, say) in
chlorine, after a nitrogen anneal, or vice-versa, exhibited a weak
and very complex spectrum with many lines and a g value of about 2,2,
Attempts to find a symmetry axis for the spectrum were unsuccessful
but it is now realised that the crystals were not as well aligned
as had been thought, Careful X-ray orientation should overcome
this difficulty, The spectrum,which is apparently fairly stable at
room temperatures but disappears following crystal damage, is
possibly associated with Au2+. The degree of bonding between such
an ion and its ligands would probably be substantial and lead to a
complex spectrum, particularly if the symmetry is lower than cubic,

The nuclear spin of gold, (%), would further complicate the spectrum,

If the orientation of this spectrum could be assessed sufficiently
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Optical Colloid Absorption in
an AgCl:Au Crystal (77°K).
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accurately, and the conditions for its formation sufficiently
confirmed, it would be very interesting to study it in some detail

2+ mentioned in 2.4.5d do not describe

as the reports of e.s.r, of Au
this state in single crystals,
Figure 7.6 shows the optical absorption which is obtained in
gold doped crystals following irradiation and storage for one year
(2.4.5d). This absorption band is included as an example of the
colloid spectra described in section 2,4,4, This crystal contained
about 0.01% molar of gold, a factor of ten less than Mitchell's
(2.4.5d), and the observed effect is an optical absorption rather
than scattering, implying that the particle size is rather less than
the wavelength of light, Kaiser (9) has attributed a peak at
5,0003 in AgCl to silver colloids and one at 5,800X to gold colloid
in gold doped AgCl, As can be seen from Figure 2,10, this difference
is within the range that could be predicted by taking into account
sufficient variation in particle size (Figure 2,10 refers to sodium
spheres, the position but not the general character of the absorption
will be altered by refering to a silver or gold colloid), The great
sensitivity of gold doped crystals for the formation of colloids will
probably mean that the size and range of shapes will be different

from the form of colloids in AgCl without any gold content; for this

reason it is difficult to Eefinitely’assign\the absorption to either

\

gold or silver,
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Doremus (10) has calculated from the Mie theory the positions of
the absorption. bands for silver and gold particles in AgCl as
5,04OR and 5,7708 respectively, These values should be appropriate
to spherical particles cmaller than 1008 radius, Brown and Waifan (11)
have studied colloid absorption in AgCl., Their results show that the
various parts of the absorption band have a range of peaks between
about 5,0008 to 6,0000 for AgCl (without gold).

The band shown in Figure 7.6 is displaced to longer wavelengths
and is much wider than would be expected from the discussion above,

The peak is at about 7,0003, and the band extends from about 5,000R
to l0,000R. The qualitative discussion given above would imply that
the absorption is predominantly due to gold colloids and the great
width may imply that some of the particles are quite large (i.e.
rather greater than the 4003 radius which is the largest given in
Figure 2,10).

The nature of the colloids which form in gold doped crystals is
of some interest in the investigations to find if a divalent state of
gold is associated with the effect of radiation on gold doped crystails,
Such a state may under conditions of irradiation have a short lifetime,
but be a necessary step in the sensitizing of the crystal before pre-
cipitation can occur, On the other hand, the precipitation may simply
be the result of gold in AgCl having a low solubility and a small
activation energy for diffusion. The latter process would not appear
to be sufficient as some sort of hole trap must be provided to allow

the initial sensitization of the crystal (2,6 and 2,4.5a).
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CHAPTER VIII

DISCUSSION

The Cubic (FeCl,)  Centre

The spectrum [\ 1s identicalkiﬂ-that measured by other
workers who created it by annealing iron doped silver chloride
crystals in an atmosphere of chlorine., They quenched the crystals
from about 400°C to room temperature. The model which they
have proposed is shown in Figure 8,1%1); it has been well
substantiated, An alternative model proposed by Hennig (reference
5 of Chapter VII) involves the Fe3+ ion interacting with the
nuclei of eight Ag+ ions at the corners of the cube and no
interaction with the halogen nuclei, Hennig failed to take account
of the quadrupole interaction with the halogen nuclei and this
model is not considered,

The formation and decay of spectrum A is discussed in section
8.3 but it is worth emphasising at this point its great chemical
stability in the silver chloride lattice, There is no evidence
to suggest that the camplex, once formed, decays to the Fe2+ state
while still at its original lattice site (at room temperature or

below)., It is shown in 8,3 that only O,6le.v, is necessary to

% Silver chloride has the NaCl structurg with a very similar lattice
constant (a = 5.55%). The model in Figure 8.1 is coﬁstructed on the

simple cube which is formed by the alternate Ag+ and Cl ions,



- 168 -

excite the last occupant from one of the neighbouring Ag+ ion
sites into an interstitial position, This is compared with the
activation energy for formation of a Frenkel defect (1.4e.v.)
which at least partinlly indicates the degree of bonding within the
complex. Vhile the (FcC14)- centre has an overall (-e) charge in
the lattice., this is distributed over the complex and the
occupancy of an Ag+ site is not very successful in finding the
full strength of a more ionic bond, The model proposed in section
8.2 for spectrum B aiso suggests the same conclusion, These
observations are in agreement with those of Hayes and his co-~
workers and their suggestion that the Fe3+ ion is part of an
(FeCl4)_ molecular complex has been adopted., As there could be
confusion with the model which is proposed for spectrum B, it is
emphasised that this is the cubic centre.

The spin Hamiltonian parameters describing spectrum A are
particularly interesting and it is worth making some comment
regarding them, The cubic crystal field parameter (a) is of a

#a
magnitude and sign which is normal inls-state;¥e3+ ion/Spectra
(e.g. see references 20 and 21, Chapter IV), The ligand hyperfine
coupling constants indicate an appreciable degree of covalent
bonding (1) (specified in terms of the probability of the paramag-
netic electrons being found on each ligand ion), the fraction of
s bonding is fs = 0,.86%. Only the difference between o and 1T

bonding is obscrvable from the e,s.r, results and f, - fr = 3.4%.
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Only a vague estimate can be made of the actual magnitudes

of f~ and tﬁ from the results on octahedraily coordinated Fe3+

in KMgF3 in which f_ - fTT = 3.3% (in AgCl, the symmetry is
tetrahedral and the ligands are chlorine). Using Nathans' neutron
diffraction data, {5, = 5.45 and f1T ~ 2.1%, so it may be reasonable
to assume that these will be lower limits to the covalencies in
(Fe014)' (2, Section 4,4c(ii)).

The g-shift in spectrum A is unusually large (Ag = + 0,013)
for Fe3+, the g-values of the S-state Fe3+ ion in a wide range of
surroundings typically vary about t 0.003 from the free spin value.
Other results for tetrahedrally coordinated Fe3+ show a positive
g-shift but not of this magnitude, Geschwind's measurements in
garnet (3) where the Fe3+ ion has four tetrahedral ligand oxygen
jons with a trigonal distortion, indicate a g-shift of 0,0024.

An attempt has been made to obtain a quantitative understanding
for this large effect, The results have so far been fairly
unsuccessful, 5o the calculations will not be presented in detail,
It is possible to appreciate those mechanisms which might be
important for producing an effect of this magnitude and a description
is given of some of the more relevant factors,

.36

The results which are quoted in table 2.;kfor the g-value and

the ligand nuclear coupling constants of Fe3+ in /igCl and in

AgBr (in the latter case the g-shift is + 0,04) imply that the

degree of chemical bonding is very important, it must also be
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considered a possibility that the larger shift in the bromide is

a result of the larger spin-orbit coupling constant of bromine

than chlorine (2,400cm-{ compared with 600cm-l). In all the
calculations which have been carried out, the effect of the spin-
orbit coupling on ligand ions amounts to a correction of the central
ion spin-orbit coupling, This is a consequence of assuming the
admixture of ligand functions is small, Accordingly, it can be
assumed that the total cumulative magnitude of central ion
contributions to matrix clements will be at least comparable and
usually rather greater than the contributions involving ligand
functions, /4As it has not yet been possible to understand the
mechanism of the g-shift, the ligand effects are not explicitly
included in this discussion although it must be understood that
they will play a substantial part. This could be very important if
central ion elements cancelled as this would be an "accidental"
effect and ligand contributions would nat necessarily cancel in the
same way.

The molecular orbital calculation of the matrix elements
involving ligand functions is quite straightforward but rather long
because of the five-clectron wavefunctions which must be used.
Additional parameters are required some of which are approximately
known (the covalency parameters) and some of which would have to
be computed (overlap irtegrals), Taking account of configurational
interaction can introduce more parameters so inclusion of these

effects is scen as a stage beyond a molecular orbital calculation,
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It is known that the crystal field in the (FeCl4)— complex

3+ ion into

is very strong* (but not strong enough to force the Fe
a low spin state; no low spin tetrahedral Fe3+ complexes appear to
have been identified). This <+mpdieitdy- implies a substantial

degree of covalency which can be usefully included as a parameter

by using a diagram of the form given by Tanabe and Sugano (Figure
4.2). The calculation of the magnitude of the crystal field

(A'/B in Figure 4,2) would be very complex (Section 4.3) but an
optical measurement from the ground state of an ion would determine
the crystal field, provided the optical transition could be

identif ied.

Attempts to observe the 6A1——-)4Tl transition in the (FeC14)'
complex in AgCl at 77°K using the apparatus described in section 5,3
have not been successful, owing to the inadequate sensitivity of
the Unicam SP.700 spectrophotometer and thelack of sufficient
centres in the crystal, Accurate knowledge of this transition is
vital to any calculation of parameters for an S-state ion, as
departures from '"free-spin'' of the 6Al state rely on spin-orbit

4
coupling admiXing excited Tl states with the ground state,

* Usually the distinction between medium and strong crystal field
for Fe3+ complexes is the transition from high to low spinj the
discussion that follows relies on techniques which are appropriate
to strong rather than medium crystal fields so that the strong

description is used here although the spin is still high.
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4
In the absence of a measurement of the 6Af——9 T1 splitting

(A) it is of interest that A has been measured by Fréddman (4) for
the tetrachloroferrate ion in association with potassium in

ethereal solution and in 16N HCl, He measures this transition at
18,800cn™) and as the (FeC14)- complex is essentially the same

(the tetrachloroferrate ion is in the form of a flattened tetra-
hedron), it seemed worth measuring the g-value of (sodium) tetra-
chloroferrate, This has been measured by freezing a dilute ethereal
solution (4)to 77°K, /4 single, nearly symmetrical line about

50 gauss wide is observed with a g-value of 2,011 3 0.001, If this
powder measurement can be accepted as a reasonable assessment of the
g-value, it indicates that the process which is causing the g shift
(+ 0.009 in this case) is comnon to both complexes,

In the absence of further information, a first estimate of the
optical splitting of (FeCl4)— in AgCl is that it is rather less than
18,8000m-l. Figure 4,2 is now applied to the case of Fe3+ in
tetrahedral surroundings (the information about the nature of the
cubic crystal field is included in the parameter describing the
strength of the field, provided the strong field levels are reassigned.
/it about this separation from the ground state 4Tl and 2T2 levels
"cross'' and calculations which start from states which are ecigenstates
of the crystal field, and only insert the influence of spin-orbit
coupling as a perturbation will be quite inadequate in this region,

New states must be formed from the 4T1 and 2T2 which are eigenstates
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of the spin-orbit coupling operator, This has not yet been studied

in detail. Perturbations involving second order wavefunctions produce
a negligible g-shift of about -0,001, if only the 4&1 level is
considered. Normally, higher orders of perturbation are necessary

to include doublet levels and if the separation is large between

the doublets and the quartets, the effect as far as the g-value

is concerned is small compared with the second order corrections,

If the separation of the 4T1 and 2T2 levels is of the order of

1

A~ 400cm™~ (the spin-orbit coupling constant), this approximation

is no longer valid. A4ll interactions with higher order 4T1 levels
can also be neglected in the first instance as the energy splitting
of the next 4Tl above the ground state (Figure 4.2) is more than
double that of the 4Tl (4G) level (in second order the effect is
squared, so that the result is a correction four times smaller),

So far, the most important difference between the tectrahedral
and octahedral cubic symmetry has not been menticned, namely the lack
of inversion symmetry for tetrahedral coordination, This is
unimportant for d eclectron states as they have even parity, if some
4p states are admixed, the tetrahedral and octahedral symmetries are
no bonger equivalent, ihile this can be important in a point charge
calculation, Ballhausen (5) has pointed out that the effect is much
smaller when a molecular orbital treatment is necessary. As the
latter is the case herc,-%hézxggggfng-of the 4p states is probably

Justified; moreover if it was necessary to include 4p states,

Geschwind's results would have shown a similar g-shift (see above),
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i configurational calculation which considers an admixture of
some (Fe2+Cl C13') into the (Fe3+Cl4-) womplex may reveal with more
physical meaning the nature of the g-shift.

The discussion above has attempted to describe some of the
interactions which could be important in explaining the g-shift of
the (FeCl4)- complex, The approximations which have been made are
ot w8 valid when misidening-the public #leld epiibiing perencicr
(a) as ther77 and F78 levels of the 4T1 state are only split by spin-
orbit coupling when their interaction with other states (e.g. 2Tz)

is taken into account. This is the reason for the inaccuracy of

Watanabe's calculations (see section 4,4c).

It is appropriate at this point to indicate the methods which
have been used to calculate wavefunctions and matrix elements,
The correct spin-orbital states for the central ion have been set
up using the methods described by Ballhausen (6). The free ion
terms are first split according to the symmetry of the crystal field
and then spin degeneracies are included by allowing them to‘'interact"
with the orbital states, The transformation of the five-electron
Slater Determinants in the Td double group is examined and the final
wavefunctions describe the effect of spin-orbit coupling on the

crystal field states*, The wavefunctions of the ground state of Fe3+

* (Care should be thken in following Ballhausen's transformation
procedures, as there appears to be some confusion in the use of
active and passive transformations, Griffith (7) gives a good

simple account of spin transformation,,
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are simply thosc which are obtained in the spin Hamiltonian
treatment if the cubic "a'" term is included,

The hybrids which are made up of ligand functions to form the
independent bonding molecular orbitals are given in reference 1,

The perturbation Hamiltonian which has been employed is in the

form

#1 = En (£ Lisy + BH.(L; + 25))] 8.1

where the summation over i implies that each one electron function
is operated on in turn, The orbital operator li is transported
from the central ion to each of the ligands in turn, This is the
meaning of n, and g;n is the one electron spin-orbit coupling
constant for the ion denoted by n.

The spin-orbit matrix elements for the important states of the
central ion are given by Griffith (7), as is an alternative method
for deriving the wavefunctions, The methods for the calculation
of matrix elements involving ligand functions are to be found in
reference 29 of Chapter IV, All the terms involving i?% ﬂ.lj and
the ground state disappear as this is an S-state,

If it is possible to explain the large g-shift of the Fe3+
resonance in silver chloride, this should be directly applicable to
the even larger deviation in [igBr, assuming the iron complex in

AgBr has the same structure,
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The Trigonal (FcClA)- Centre

(a) The todel
5 . 3+ : y
There are two possible sites for the Fe ion in the silver
chloride lattice with an axial distortion along a crystallographic

3% jon could be at a substitutional site (i.e.

(111) axis, The Fe
occupying an Ag+ site), but there is no rcasonable ionic arrangement
around the ion which could provide the trigonal distortion,
(The Jahn-Teller effect is not operative as the S-state is an orbital
singlet) To obtain charge compensation, two silver ion sites should
be vacant and if the Fc3+ ion is allowed to move into an interstitial
site, there will be three Ag+ ion vacancies, It is this model
which is proposed for the spectrum B (see Figure 8.2), the three
silver ion vacancies are all in the same simple cube, This is
the same as the model for the (FeCl4)— centre but one of the Ag+
vacancies is occupied. This structure is in good agreement with
the observations of ionic rearrangement which are discussed in 8.3,
The small value of the parameter D is of some interest. If the
magnitude of D is a measure of the strength of the axial distortion
on the complex, then the total distortion must be very small,
D can be much larger than the quanta usually used in e,s.r.
experiments, in some cases, it might be greater than 5cm—1(7,8).

-1
4cm measured

Typically, D is rather larger than the (-)81 x 107
for this complex, Geschwind (3) finds D = -880 x 10~4cn-1 in the

tetrahedral garnet complex. From an ionic point of view this effect



- 177 -

is probably rather surprising as the Ag+ ion sites are only 2.40X
from the Fe3+ ion and it would be reasonable to expect the Ag+ ion
ofpraciobly
to «appreciably distort the comple&L If the bonding between the Fe3+
ion and the four halogen ligands is strong, the influence of the
nearest neighbour Ag+ ion will be much smaller, Electrostatic
attraction will be towards the complex as a whole rather than to
individual chlorine ions, ILicasurements of the bondlength of the
tetrachloroferrate ion indicate a length of 2,218 (9), which will
further reduce the interaction with the Ag+ ion, Thus it is
possible that the small D value is again a consequence of the
covalency which has been discussed in 8,1,

The magnitude of the "a' parameter ((+) 187 x 10-4cm—1) is
not especially different from that for many Fe3+ arrangements and
the positive sign is only nominally assigned for convenie nce, It
may be worth noting that Geschwind determined the absolute signsof
a and D for the tetrahedral centrec in garnet with a positive and
D negative (3), also Garth (reference 4 of Chapter VII) found a
positive value for the a parameter in cubic (FeCl4)'. The g-value
which is nominally quoted in section 7.lb is only of value as an
approximate fitting parameter and does not necessarily have any
gecial significance,

Taking into account the great similarity between this centre
(i.e. that responsible for spectrum B) and the cubic (FeCl4)- complex,

as well as the very weak binding of the last neighbouring Ag+ ton,
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this complex 1s also referred to as an (FeCi4)- complex,

To distinguish it from A, it is cailed the irigonai or neutral

(FeCi4)— compiex; it is understood that it is assoclated with
s
an Ag ion,

(b) Discrepancies in the Spin Hamiltonian

It is shoun in section 7.lb that the spin Hamiltonian 7,2
is not adequate to describe spectrum B, On the other hand, it has
not been possible to find any other combination of parameters which
would explain spectrum B in any way or include spectrum C,

It is interesting to study the nature of the deviations from the
"least squareS'" fit in some detail,

The parameters a, D and F which have been used in section 7,1b
are the best fit for the splittings Jl,5 and N2,4 between the
respective pairs of lines. These splittings depend to a first
order on the zero-field splittings and only to a second order on
the Zeeman term, The absolute fields at whicq the absorptions
occur are to a first order a Zeeman splitting and to a second order
a consequence of the crystalline zero-field splittings and the spin-
orbit coupling.

The errors in the fitting of a, D and F to the measured values

#a cccurocy of
for various JI,S’ H2,4 are small although they are outside[measurement
errors, This could be a consequence of small misorientations, or
in some cases, simply a result of the difficulties associated with

separating nearly coincident lines, In a spin Hamiltonian (e.g.
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equation 7.2), the terms of even order in spin operators are those
which describe the zero-field or Stark splittings, This 1is a
result of the requirement for the invariance under time reversal
which also leads to Kramer'!s theorem, If attention is restricted to
states with even parity (e.g. d states), only even components of
the spin operators will occur (10)., The spin Hamiltonian 7.2 is thus
consistent with the effect of a cubic and an axial distortion on
d levels. It fully describes the zero field splittings which can
occur as the result of purely electrostatic effects, If states of
odd parity are admixed with the d levels (e,g. 4p states), the
requirement for overall even parity still holds, but individual
components can occur with odd order, The consequence of this is
that the zero-field terms in 7.2 are not now sufficient to describe
the possible energy scheme of the ion, Such terms appear to be
negligible for systems involving paramagnetic d electrons and
moveover they would not explain the errors in the Zeeman splittings
of spectrum B,

Generally, a spin Hamiltonian for an ion in an axial field
requires two g values (gll and gl‘) to describe the spectrum
(the two values are indistinguishable in spectrum 8), This does
not fully take account of Zeeman terms in excited states which may
be admixed by spin-orbit coupiing. It is useful to give a simple

example to demonstrate this effect,
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Considering an S-state with a 6Al ground state (as in the
previous section), and the cubic ficld excited state 4T1, the
only matrix elements connecting the two states are those
involving the spin-orbit coupling (using the perturbation
Hamiltonian 8.1). 1In a cubic field this does not lead to any zero

ficid splitting of the 6A1 level in second order as the matrix

elements connecting f77 and /_78 states are equal, (7, Table A34)

<5 E1EE, |Fe>—-f“f

imicE

g e

wherc/.-;‘jg’c and/_;jg’e arc eigenstates for the spin-orbit coupling,
referred to the ground (g) and the excited (e) states., J is an
individual component of the doubly degcnerate/—7; or the quadruply
degencrate /—;. If the S-state complex is distorted along a cubic
axis (i,e, a tetragonal distortion) the/_; levels are split into a
,—; and a/—; of the D4* group so that the ground state is now

made up of the three doublets /—Z 4'2.[3. The matrix elements

of each of these three doublets with corrcsponding states of the
distorted ‘*'r1 (= 4A2 + %) are different. Griffith considers the

4A2 part of this in the 04* group and he gives the spin-orbit coupling

matrix elements as (7,p.368)
8 L.
PO PLSVER Vs 1 SR L B S0

2
and </—7( )glzg’l

/_‘(n§>_:/ggzr

(2)c>

Leslr
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where the ground spin-orbit states can be recognised as the

usual spin states, ]/‘7,8> = li’:}p, I/;;_m8> = ';%}and

J
7 @ - 25,

[\

As at lecast second order wavefunctions must be used to examine effects
with the excited statc, all these matrix elements must be squared.

If the immediate effect of these clements is taken into the spin
Hamiltonian formula they contribute to the term D(Sz2 - 173 s(s +1)).
If the Zeeman effect in the excited state is studied, these spin-
orbit matrix elements will be different multiplying factors to cach

of the excited spin states, As far as a spin Hamiltonian is

concerned, each pair of transitions U and and also the

\J
1,5 2,4
|—%>-*|+%>transition (H3) will appear to have a different g-value,
Gencrally S-state ion g-shifts are small (section 8.1) and as

these shifts occur because of Zeeman interactions in excited states,

the departures from|a simple spin-Hamiltoniaj’?—value‘will also be

small but of comparable magnitude, The g-shift of the (FeCl4)"
complex is not small (~20 gauss at I band) and it is errors of the
type described in the example, and of about 20 gauss in magnitude which
iust be explained, Such large errors would not appear for the cubic
centre because of the equality of ail matrix elements between the

ground state and the 4T excited state,

1

In conclusion, the new terms which would be required in a spin

Hamiltonian are included in thow occurring in the generalized
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Hamiltonians (section 4,4b), They are field dependent teprms which
must be of odd order in the spin operator to retain time reversal
invariance, The general form of such terms in fourth order will
be fourth order tensors of t{he form SiSjSkH1 where i,Jj,k,l indicate
components of the operators, Symmetry arguments will greatly reduce
the possibic combinationsof these components (this is the effect of
the various generalized treatments mentioned in 4,4b), but
unfortunately such arguments leave no suggestion of the relative
importance of the various terms.

At this stage therc are apparently two courses open: one 1s
to attempt to fit the data to a generalized Hamiltonian consistent

with the axial symmetry of the centre, the aher is to study the

coupling with excited state levels which are near cnough to contribute

substantially to the ground state to modify the spin Hamiltonian
and to fit the data to the new Hamiltonian, According to the
arguments which have been proposed, thelatter is fundamentally the
same problem as that of understanding the g-value of spectrum A,

It is proposed that the same process is responsible for the g-shift

in A as is necessary to explain the discrepancies in spectrum B,

Proposed llechanism for the Formation of Fc3+ Centres in AgCl

The observations described in the last chapter indicate an
explanation for the formati on of the stabie trivalent iron centre

in the characteristically monovalent silver chioride lattice,
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The expianation proposed by Hayes, Pilbrow and Slifkin
(referred to in 2,4,5(b)) relied on the diffusion of siiver inter-
stitial ions or vacancies to or from the crysta! surface during a
high temperature annea: in chiorine, /dsorption of a ch.orine
moiccuie at the surface allows the formation of additional
AgCl and of two holes which can diffuse through the crystais and be
trapped by Fe?t ions to form Fe3+. They then propose that the
trivalent ion stabilizes itself in the cubic tetrahedrali configuration,
either by capturing other silver vacancies. or by the diffusion of
ligand silver ions away through the crystal.

This mechanism is ciearly not adequate to expiain the
formation of the cubic (FeCi4)- complex following irradiat:ion below
room temperature, The source of halogen is not available, nor is
such high mobility of silver vacancies and interstitiais as 1s
observed at high temperatures,

It is first of all assumed that when ifon is dissolved in
siiver chloride and no resonance is observed, it is in the
divalent state, The monovaient state (d7 rather than d64sl) is
not probable chemicaliy and it is only known as a result of
irradiation in saits (11), Horeover, it is a Kramers ion and
should be quite casily detectable by e.s.r, It is very probabie
that Fe2+ ions dissolve substitutionally in AgCl and the tendency

2t

for Fe .S.r. spectra to be very susceptible to line broadening

by lattice distortions has been mentioned in section 2.4,5(b).
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An alternative explanation for the non-appearance of the Fc2+

spectrum, even at very low temperatures, is that the Fez+ ions
may be in a low spin (diamagnetic) configuration if the octahedral
crystal ficld is sufficiently large.

The formation of spectrum B may be assisted by previously
cooling the crystal slowly (7.2), which implics that a siiver ion
vacancy has bcen allowed to associate with the substitutional Fez+
ion (2.4,2 and 5), it is normally assumed that a ncarest neighbour
Ag+ site is vacant, but this is probably not important, Irradiation

e
. o » - . N
creates electrons in the|l crystal/conduction band\ and holes in the

valence band (2.3) and it is presumably the trapping of an electron
or a hole by the Fe2t ion which initiates the formation of the
complex., A process involving the trapping of an electron would

nct appear to be important as Fe+ would be formed and this would
occur moie casily aftier rapid cooling of the crystal, when the
substitutional Fc2+ ions are not associated with Ag+ vacancies.
diile this process must be considered as pos;iblc, it must be
realised that Fe+, iike Cu+ is probably a very efficient hole trap,
so that this mechanism only allows the Fe2t jon to act as &
recombination centre, This would also appear to be true at
sufficiently low temperatures (below —110°C, say) when a hole is
trapped first and Fe3+ is formed, as this ion is not detected

following irradiation at these low temperatures. It is interesting

to note that the possibility of hole trapping by a divalent ion at
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a substitutional site is being suggested, usually divalent ions,

2+ 2+

such as Cu“ and Ni act as electron traps (2.4.5).

The important criterion, remembering the electrostatic
effect of o possible associated vacancy, is that trapping should
form an alternative, but chemicaliy acceptable valency. It is also
probably a2 general rule that trapping of one charge carrier is

followed by a trapping of the other unless a more effective

+), or else unless

alternative trap is available (e.g. case of Cu
the centre formed by the first trapping can alter its form within
the lifetime of this state, It is the latter mechanism which
appears to stabilize the Fc2+ + h+--9Fe3+ trapping; lhe fate of the
conduction electrons is ignored at this stage,

The observation of a threshold temperature for the formation
of the trigonai (FcC14)_ complex described in the last section
implies that some ionic as well as electronic rearrangement is
necessary, It is proposed that the strcngthiof the binding of the
tetrahedral (FCC14)— complex in AgCl is sufficiently high to
"pull" the Fe3+ ion towards an interstitial site, This state shall
be rather like the model in Figure 8,1, but two of the vacant
Ag+ ion sites shail be occupied and the centre shall have an
overall charge of (+e). Below —105°C, this apparently
acts as an electron trap, but ahove this temperature, there is

a competing process, namely that onc of the Ag+ ions in an occupied

tetrahedral site can jump into one of its other neighbouring
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figure 8.3
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interstitial sites (Figurce 8.3). This is precisely the model which
has been proposed to cxplain spectrum B (Figure 8.2) with the
additional information that an interstitial site neighbouring the
tetrahedron is occupied (i.e. 6 of the possibiiities). The other
possible interstitial site is not at the nearest but the next
nearest interstitial site to the Fe3+ ion, Figure 8.3 indicates
the possible single jumps for this ion by arrows, those carrying
the same number being indistinguishable with respect to the
orientation of the complex. The site 5 is the next ncarest one.

It is possible to estimate the activation energy for the loss
of this Ag+ ion from the complex if a value can be estimated for
the lifetime of conduction electrons in this crystal, The
electron mobility at this temperature is about lOOcmZ/volt sec
(Figure 2,6) and the electron range is nominally assumed to be
10_4cm2/volt (2.3.3 b), which implies a lifetime of about 10-6secs.
Assuming an atomic frequency factor (1%) of about 1013sec- N
equation 2.8 gives an activation energy of 0.23e.v. As the
activation energy for the diffusion of an interstitial ion is
C.10e.v. (2.4.2), the ion can be expected to diffusc away into the
crystal as there is no clectrostatic attraction between the ion and
the neutral (FeCl4)-[.g+ complex.

The equilibrium of the crystal shall be upset by the insertion
of the additional interstitial Ag' ions (2.4.2), but it may be

expected that they would combine with the conduction electrons on
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dislocations (2,6), This would imply substantiai darkening of
the crystals which is not detected, although the optical spectrum
has not been examined in detail, There is definitely no darkening
of the amount observed in AgCl:Cu+ crystals, Another possibility
is that some of the interstitial ions will spend some time in the
vicinity of the neutral (FeCl4)- complex, If this occurs with
sufficient probability, it could suggest an explanation of the
spectrum C which occurs as a background to B, Figure 8.3
indicates all the possible nearest interstitia. sites which an
ion may occupy (four distinct sites), Also probabie may be the
next nearest sites, such as 5, and the sites along body diagonals
from the Fe3+ ion through its Cl~ ligands, The binding energy
associated with the various sites will vary. perhaps quite
substantially, so that one or two of the possibilities may be
preferred, If the spectrum C is a result of this type of centre,
the principal axis (i.e. of the D and F terms) will be slightly
altered and a rhombic E term will probably be necessary in the.
gpin Hamiltonian,

Jarming a crystal containing the sites B to -7500 causes about
half of them to decay in minutes, The last tetrahedral Ag+ ion is
lost with an activation energy of 0.6l e.v. The stable (FeCl4)_
complex has nmow been formed.

It is not clear why rapid warming of the crystal should sometimes

produce a distinct effect. It may be possible that the interstitial
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silver ions which have been released during irradiation and have
been trapped in shallow traps are all released in a short period.
The thermal equilibrium of the crystal will be upset and the trivalent
iron centres may trap the excess of ions forming a tetrahedral
complex with two of the neighbouring Ag+ ion sites occupied,
It is precisely this type of model which Castner proposes for the
iron complex in glass with a g-value of 4.3 (7.1 ¢ ). This may be
acceptable as a tentative explanation of spectrum D, It would
explain the difficulty which has been found in recproducing this
result, This complex was involved in the description of the
initial hole trapping by an Fe2+ ion, but it was suggested that
it was an efficient clectron trap to explain the threshold temperature
of -1050C. If this model for spectrum D is correct, irradiation at
770K should at least partialliy bleach the spectium, Further support
of this model is that the spectrum is normally sceen at a very low
level following irradiation to form the cubic spectrum, The E
spectrum is connccted with the decay of D aqd if this model can be
substantiated, the complex responsible for E may be associated,
for example, with the Fe3+ ion jumping to a substitutional
(octahedral) site,

At this stage it is worth discussing briefly the fate of the
conduction electrons and of the interstitial Ag+ ions which must be
formed during irradiation, The conditions would apparentiy be correct

for the decoration of dislocations; although the darkening has not
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been measured quantitatively, none of the crystais investigated
exhibited obvious darkening, In the absence of detailed information
on the subject, it must be assumed that this accounis for at least
part of the electrons and Ag+ ions, The subject is much more
complicated than this as it is virtually certain that some iron
will be deposited on crystal dislocations (2.,5.2(b) and (12)),
upsetting the simple model. As the experiments which have been
described are only indirectly sensitive to these interactions, it
is not possibie to understand these effects. OCn the other hand,
the dislocations are in principle assumed to be a useful "sink" for
conduction electrons and excess interstitiai Ag+ ions,

The discussion above suggests a process for the formation of
the cubic centre., It does not explain the first stage in the
formation of this complex when the crystal is irradiated at higher
temperatures (i.e, above -75°C)., That no spectra are observed when
a crystal is irradiated at temperatures above -95°C can be explained
by assuming that it is at about this temperature that vacancies

3+

can dissociate from the substitutional Fe ions, This will have

two effects: firstly, an electrostatic repulsion from the now

locally uncompensated Fe2+

ions will repel positive holes, secondly,
the quantity of vacancies in the lattice will be greatly increased,

reducing the number of interstitial ions which can exist (a

consequence of the Law of liass Action, equation 2.6),
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As formation of a stable trivaient complex involves the
production of three interstitial ions, it will only be possible if
sufficient traps exist for interstitial Ag+ ions, It would appcar
that this can only happen above -75°C, Although the mechanism
is not clear, it must be associated with dislocations., The
exponential temperature dependence of the equilibrium constant in
the Law of flass /Action may also have an important role, This
argument suggests that holes are actually trapped by uncompensated
Fc2+ ions, The probability of such a process would appear to bec
very low but coulid be important if sufficiently effective traps
existed for electrons., Hole trapping would presumably occur when
a vacancy was in the vicinity of an Fe2+ ion, After a hole has
been trapped the formation of the cubic (FeCl4)- compiex will
proceed as before,

This suggested process for the direct formation of the cubic
centre implies a number of properties which should be observable
experimentally, In particular, it is suggested that the efficiency
of formation of (FcC14)— complex will be rather low (i.,e, efficient
hole traps do not exist  above -95°C). It should be possible
to measure this at least to within an order of magnitude, by
comparing the number of incident quanta with the magnitude of the
spectrum which is produced., Also, as the thermodynamic arguments
imply large changes in the ratio of silver vacancies to interstitials

at different temperatures, some information could be obtained from
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dark ionic conductivity measurements, ilore careful measurements

of the importance of vacancy association with Fc2+ ions should be
quite straightforward provided the cooling rate of the crystal can
bec carefully controlled, Data concerning the degree of vacancy
association is likely to be of considerable value in clucidating the
more doubtful stages in the formation of the cubic (FeCl4)- centre,

In general, if some of the more tentative processes can be
confirmed, it would be possible to extend the arguments given above
to explain in more detail the complicated processes which are
implicitly assumed to occur at or near to djslocations, If it
appears that processes around dislocations are being used too
extensively to explain the difficulties which have appeared in the
discussion, it should be realised that it is essentially such
compliexities that make possible practical photographic processes 1n
the silver halides,

To summarise the formation mechanism of the cubic iron centre,
it appears that under specific conditions, an/Fc2+ ion, whether or
not it is associated with a silver ion vacancy, can trap a positive
hole, Trivalent iron appears to be very stable and tends to prefer
an interstitial site, forming tetrahedral bonds with four chlorine
ions, A result of this is that the neighbouring Ag+ ions are no
longer adequately bound to their sites, The last tetrahedral Ag+ ion
requires an activation energy of 0.6ble,v, which is ccnsiderably less

than the energy required to remove a silver ion from a normal site
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to an interstitial position (l,4e.v,, section 2.4.1). This
compayison is interesting as the difference is probably a result of
the degree of covaient bonding in the iron complex, reducing the
ionic and covalent strengths of the ligand chlorine-silver bonds.

The rclaxation of the lattice around the complex will also contribute
to the reduction of the activation energy. The activation cnergy
necessary for thce sccond last tetrahédral Ag+ ion to leave its site
is rather lower (0.23e,v.) owing to the excess local positive charge
at the centre,

It appears that Fe2+ can act as electron-hole recombination
centre below about 165°K. This is in agreement with low temperature
electron mobility data (2.3.3; 2.4.5 b, reference 73 of Chapter II),
Fcz+ does not have a very large effect on electron mobility, it will
only limit the lifetime, Fe3+éevmwiy reduces the electron mobility
at low temperatures probably because the overall negative charge and
the lattice distortion around the (FeCl4)— centre scatters the
conduction electirons,

Precipitation Effects

When the spectrum from the cubic (FeCl4)— spectrum demys, it
is apparently not possible to restore it by irradiation, The rate of
decay is very dependent on the overall doping and on the crystal

history. This implies a precipitation effect in the crystal,

-

Spectrum F is typical of this type of effect, as spin-spin interactions

between ions can no longer be neglected,
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No spectra have been observed for a recombination of Ag+ inter-
stitial ions with the cubic centre and as it is stable in the crystal
even at high temperatures, the precipitation must be associated with
diffusion of the entire (FeCl4)_ complex, This type of process
is quite possiblc as thera is no doulit quite a high probability of
finding neighbouring Ag+ ions al the vacant Ag+ sites at room
temperature. If two such processes occur simultaneously, the complex
may have a 50% probability of Jjumping into a neighbouring sitec.

The electrical and mechanical atmospheres (2.5.2) around dislocations
would provide sufficient local ficld to attract the diffzsion of
fairly close complexes. Ililore distant complexes would s fer nuch
less eitraction, explaining greater stability in samples with fewer
dislocations and lower doping (the doping will be particularly
important if the overall solubility of Fe2+ ions in this temperature
region has been exceeded and the excess ions have precipitated on
dislocations). Also important in this process will be the quantity
of interstitial Ag+ ions which have been produced in the formation
of the (FeCl4)— comnlex, Charge compensation is provided by the
conduction electrons for only half of those, The uncompensated

Ag+ ions may play a very important part in the fiecld surrounding
dislocations and during a precipitation, they would provide charge
compensation for the (FeCl4)— complexes,

If two (FeC14)" centres should interact during their diffusion

forming another fairly stable complex, this larger defect will be
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"locked" into the lattice., The temperature independence of the
curious saturation cf spectrum G and its anisotropy suggest that
it mey be due to coupled paramagnetic complexes, Spectrum G is quite
stable once formed and the initial formation is intimately connected
with the deccay of /. Less resclved spectra would be associated with
the interaction of morc than two centres,

As was the case ia the previous section, a limit exists to the
understanding of the diffusion processes in the crystal, It is
difficult to suggest mechanisms for precipitation, or for some of
the stages in the formation of the complexes, taking account onlty of
the lattice properties, DNevertheless it is not essential that the
precipitation must occur in the vicinity of a dislocation, but
there are a number of advantages in assuming that it does,
Dislocations will provide a field to attract a diffusing (FeC14)—
complex and if there are excess interstitial Ag+ ions associated
with dislocations, they will add to the dislocation "atmosphere!,

On the other hand, the spectrum F may be that of single Fe3+ iqns
in the very inhomogeneous crystal field around a dislocation,
The "precipitation' model is perhaps to be preferred but the
characteristics of the spectrum F have not been studied in detail,

In the arguments which have been put forward in this and in
the previous sections, the thermodynamic equilibrium of the crystal
has been taken into account as much as could be done with the

information available, The quantitative application of the Law
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of liass Action is not straightforward owing to the uncertain role
played by dislocations. An attempt has been made to restrict

the qualitative discussion to argunents which would be thermo-
dynamically allowable, There are at least 1020 iron centres per
cm3 and only about LOlz Fr.onkel defects at room temperature in a
purc, perfect AgC! crystal, so that the iron centres must dominate
the c¢quilibrium of interstitial ions and vacant sites at all stages
of their production and precipitation,

Conclusions

The work described in this thesis is essentially in two
parts, One of these is perhaps more relevant to the theory of
e.s,.r, spectroscopy, while the other has attempted to study the
trapping of charge carriers and the subsequent ionic reorganisation
which takes place,

Problems have arisen in the spe ctral interpretation of the
trigonal (FeCl4r spectrum are perhaps a result of inadequacies in
the spin Hamiltonian which would usually be applicable for a complex
of this type., The results suggest that this centre is only a
slightly perturbed version of the cubic (FeC14)- complex, The cubic
spectrum is also unusual in that its g-value deviates from the free
spin value by about ten times the usual amount, It has not been
possible to understand the detailed origin of this shift, but there

is some indication that it may be a consequence of close mixing

2
of the 4T1 and T2 levels in the excited state of the S-state Fe3+ ion,
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The covalency is likely to play an important part in explaining

the spectra fully, owing to the relatively large spin-orbit coupling
constant of the halogen ligands. A measurcment of the optical
splittings associated with the complex will provide a sound basis
for further study of this problem, It . is probable that the
discrepancies in the spin Hamiltonian of the trigonal centre arc to
be associated with the large g-shift of the cubic spectrum, If this
suggestion is valid, it would imply that the "fit'" which is usually
obtained with a spin Hamiltonian for S-state ions is only obtained
because of the typically small g-shifts.

There has been considerable experimental difficulty in
reproducing some of the spectra which have been observed in iron
doped silver chloride crystals, It has been possible to propose a
mechanism for the process which occurs in an iron doped silver
chloride crystal during irradiation and in the thermal treatment
following this, The parts of this mechanism which are more difficult
to understand are often under conditions where crystal dislocations
could play an important part., There is insufficient information
available to allow more than tentative suggestions regarding some
details of the processes,

Suggestions for Future Work

3
(a) HMore data(zé requiral to study further the fitting of the
trigonal (FeCl4) complex to a spin Hamiltonian, Specifically,

details of the angular variation of the spectrum would be useful
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and the relationship of the spectrum C to this would also be of
intervst, It should be possible to separate C and fit a spin
Hamiltonian to it, If it is necessary to use a gencralized form

of the spin Hamiltonian to explain the trigonal spectrum, measurements
at a different frequency (e.g. 36Gc/s) would be invaluable since

it is suggested that the additional terms would be field dependent.
(b) Measurement of the optical splitting (A) for the cubic
(FeCl4)- centre would be of great value in indicating the source of
the large g-shift, This will probably also indicate the extra spin
Hamiltonian terms necessary to explain the trigonal spectrum,

The extension of this work to the study of iron in silver bromide
would be very intarcsting as the messured g-shift is about three times
that in silver chloride, In addition, the fine structure lines of
this spectrum have not been identified, There arc few publications
of transition ion e,s.r, in silver bromide; there appear to be
some difficulties regarding the resolution of spectra but it is not
clear whether this is a consequence of crystal imperfections or of
large ligand interactions broadening the spectral lines,

(c) Some experiments which could test and extend the tentative
mechanisms proposed in section 8,3 are suggested at the end of that
section, Useful e,s,r. experiments could examine the efficiency

of processes during irradiation at different temperatures and for
various periods of time, It may also bec possible to define more

carefully what has been rather vaguely called ''crystal history"
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together with the importance of dislocations, Optical measurements
of volume darkening in the crystal will perhaps elucidate the
electron trapping measurements,

(d) The suggestions above are restricted to the study of iron
impurity in the silver halides, The preliminary experiments with
gold doped samples indicate that some further work, particularly
with relatively undamaged crystals;may reveal a fairly stable
divalent gold state,

(2)  The description given in Chapter V of the use of a helix
instead of a cavity in an e.s.r. spectrometer indicates that it
can be a realistic alternative, The matching conditipns have not
been examined in any detail and some care in design might improve

the sensitivity,
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APPENDIX I

The field equations for a helix containing a iossless
dielectric El and enclosed by a diclectric /:',2. The coordinates
are shown in Figure 5,2b and all cquations should be muitipiied

by [ Jlwt -Bz) ],

Inside_the Helix:

Hy = 1i; I (y r) fI.1
He = G B1yen AL2
Y
. P
e = -H BoZ ¢ cotyy g (¢ ) AL3
Y2 T 1
o
§ = s B
Sz T JHi .ﬁ’. Cot \/r ﬂ Io (y r) Al 4
Y I,
_ _y kBB I
Y To
E,;r = -J'HL _‘_‘_‘_3_0_ I, (y r) AL6
Y

OQutside the Helix:

I
= MLk () AL.T
1
H = JjH B 1 1 J
1
2
g = H Pac_ coty 1t
1;3‘ 2 T = Ki(y r) AL9

(¢]
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g, = 8, Mo coty L
Z i —Y—- \}/— Koly 1) AI.10
o

: ., K i .

E. = hl _B_B% CO(,'\']"/I_1 K1(Y r) nI.11
Y X,

E¢ = —JHL kBO Il K, (Y r) Nl 12
y X

The reiation between y, a and Coty&’ is given by

21,
u P 2 i
(ya) e 29, = (BoaCotyb) Al.i3
171
€, 1K, +621.%,

where { =

The radial phase constant y is given by YZ = BZ - BOZ;

k =fu0/€: = 120Mohms , and In(x), K (x) are modified
Bessel functions of order n and argument x, ilhen x = ya

these are abbreviated to I, Kj.

The power associated with the propggation is given by
-z/u,_{I:xﬁd"c

and by taking this over a piane normal to the axis of

propagation,

a .
P = TT[_Q, [Jfo (Er H:; - Ed) H’:) rdr +~{a°°(Er}$-E¢Ht)rdl"] ,‘51.14
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Substituting for E and H inside and outside the helix and

integrating gives

= 4.2 Tk 8B I, {r¢ K, -1 I
P =1 =0 (va) 1%\( g =0 AlSL -
2 51 () gyl rolll LS
: 0

2 1"‘&‘\) ’ 2 I I,
alisaly o va I,%,( 61—.;):\[?a (- 1) ]+

Ya 1 Io
. 2 % !(
a I K(&€, - 1)A "+£°..-.‘_£ AL, i
TR Fghr el [Ya (K1 Ko) ] \I.i5
= 600H,2 ?E% B (ya) AL 16
Y

wherc B (ya) is a function of ya, € ; and € 2

Vhen & = 622 = 1, B(ya) is reiated to Pierce's F (ya)

by the reciation

2k

1%

-0.6664ya

Pierce gives F(ya) = 7,154 e in the range of

ya : 0.5 to 8.0,



APPENDIX II

Angular variation of spin Hamiltonian fine structure terms
up to fourth order in even spin operators, specified reslative
to a fixed axis,

The spin Hamiltonian may be written as (i)

A= gpH.s + (5% - 35(s + 1)) +E(s2 - s,%)

+%[s% +s,‘; +s§ --1'53(s+1)(3s7-+3s—1)]

+ .2.[7514 - s(s + 1)sl2 + 262

5 1 d2 2
7S] -gs(s+1)+ws(s+l)]

when H||z and this is taken as the principal axis of
quantization of the spin operators, then the other terms are
as given below, The basis is §,, §

+ .
41 S_, where S84 = S, = 1%,.

0 is the angle between the z axis and 1, is Lhe angle

between the z axis and one of f, v, or £ , say [ , with the
condition that z lies in the (110) or (110) plane specified
by these axes. ¢ is the angle between the 2 axis in the E

term and the z axis (see Figure 7.2).

Ay = opfs 2 _,% s(s + )] + bp(s,[s, + 4] +s[s -4])

1
+geyls,? + 52

AII.1

AII.2

AIL.3



#E = %BZCOSZ¢[SZZ - % s(s +1)] +p Cos2¢[ (cx + lz Tan 2§)
5, (s, + 1) + (o~ L Tan 20)5 (s, - D] + 5 Cos 20

[(1 + az)(S+2 + s_2) + io Tan zxa(er2 - s_z)] AIL.4

A= a 2,8 +-%ba[Zl(S) +2.y(8)] - -lgca[zz(s) +2_,(8)]

+—1;1da[z3(s) + 2 (s)] + ——e [z (s) +z 4(s)] AIL5

BN

op Z,(8) + 274 bF[Z (s) +2_,(9)] - -- CF[LZ(S) + 2 (s)]

"'idF[Zs(S) +Z (s)] g eF[Z (S) +2_ (s)] AIL.6

2

=[1g4._ 2,5
Z (s) = [6 s, - s(s+1)8°+ 2 S,

- £ 8(s + 1) + s2(s +1)2]

B 2 + 2 +

z.lL (8) = s\:[msZ 218 © + 195, - 6s(s + 1)s = 35(s + 1]
Z, (5) = 5, 2[75.%* 145 +9 - s(s + 1)]

* 9 T z - z

e 3r. +3

z, (8) = s.°[s 2]

=3 =

B3 8] = 8,°
and

o = %(30(2 - 1); by = of; cy = (1 - ocz)

i

o, = 2 (5" 1030 by =yl - 335 o = (3% - a2+ 1);

i

d, = ¥ - 5); e = (3" - 102 +3)



- vl =

o = %(15a4 100® +1);  bp = oBlo” - 3/28);

[¢]
i

(’Zoc4 - 8a2 + 1);  dp = ol - az)

4

where ¢t = Cos 6, B = 3in 6, v = Cos y&, w = Sin.)ﬁ.
Matrix elements for maryof the operators are given by Low (2).

The equations given below specify the magnetic fields at

572 -

which various AS = +1 transitions occur within the §

0).

|

manifold for trigonal or tetragonal symmetry (i.e, E

Ho = Eﬁ% , and D, a and F are now understood to be the D, a
g

and F above divided by gB, provided they are now measured in

terms of magnetic field rather than energy units, The fields

for the various absorption transitions are,

3zt |2 :

N

2 >

> 4 H2’4:

1 2 5 3 2
H = H. I 4Do 3 4 ——— IO(ZDbD + 3ab) _ E(DCD - ;:ac)
15 +3 3

 F 2 t ;1
L5~ S gey Wy g -G+ g 00

H

5 2
1,57 2% 152 W F 20 F 3 e
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4(2Dby - 2 ab)2

H, ,= H, 32D &2 aa - 8
2% 3 Hy 4 t 2Da T 2 act
2,4 - D+'3-‘
5 2
5(20bp + 3 ab)2  __ z5p (ac)
+ + 4, W I g 3
}12’4_49%_3@4 Hy 4 F Doy ¥ 3 ac
5 3 2
P 57 (ad)? i % (Dcy - 7 ac)
. = o + 1 QL + e
1{2'4.{. ny_-(;‘— H2’4-3L)O(D+gua
5 3 2
S AL 15 . _4laob - 2 ab)?
~ i 2 5 2
3 H, - (3Dagy - g a0) “/H, Hy - (2Da - 5 ao) “/H,
2
1(3Dcy + 2 ac) 3 2 (ad)? 1
5 42 _ L2 o
Hy - (Do, gaoc) IH3 Hy (2D, 5 ao) /H3
where act should be read as (aag + FaF);
7
ab (aba + §¥bF),
ac (aca +§'F°F);
ad (ada +%de);
T
ae (ae. + L Fe.).
a 3 F

The precision of these splittings is about 0,05% for ax10% Ho
D =~ 5% Hys the accuracy for high symmetry directions can easily
be improved by carrying out additional calculations. In principle,
the actual magnitudes of H1’2,4’5 are sensitive to the absolute signs

of the parameters a, D and F; a change in absolute sign will alter

the magnitude of a splitting by about 0.2% for a ~ 10% Ho and

D= 5%H,
0



- viii -

The equations AII,7 reduce to those given by a number of
authors (2-5) by making suitable approximations; unfortunately none

‘s ter :
of these cases are sufficient 4» the analysis of spectrum B,
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