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Abstract

The major inorganic photochromic materials are
reviewed, and in particular sodalite in greater

detail.

The growth of sodalites by hydrothermal and fluxed-
melt techniques and by a low temperature aqueous
medium method from kaolinite is dealt with, and
the production of a novel material with more
convenient activation properties than hitherto is

described.

Using chiefly epr measurements and spectra
reconstructions the electron centres previously
suggested as the source of the photochromic activity
are eliminated and a new model developed, though
others are also considered possible. Other effects
in sodalites are explained using configuration
co-ordinate diagrams, and suggestions are made

concerning non-photochromic sodalites.
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1.1

PHOTOCHROMIC MATERIALS

Introduction

Photochromism is a process by which a material
undergoes a reversible colour change (ie a shift

in energy of the optical absorption band), on the
application of one frequency of elecfromagnetic
radiation, the process being reversed by
electromagnetic radiation of a different frequency.
The reverse process can also'in certain cases be .-~
brought about thermally. In the case of chloro-
sodalite, the fundamental absorption band in the
ultra-violet region (around 25002) disappears and

a new band (around 53502) appears in the green, if
the material is irradiated in the fundamental
absorption edge, whilst the reverse process occurs
on irradiation with green light or on heating to
300-400°C. Tﬁe process is not equivalent to a
photographic process which is non-reversible and
shows gain. Cathodochromism is similar to
photochromism .but the initial shift of the absorption

band is induced by an electron beam.



1.2 Photochromic Materials

Both organic and inorganic photochromic materials
exist. The photochromic mechanisms in organic
compounds, eg the spiropyrans, involve electron
rearrangements around or between molecules and
will not be dealt with here where there will be
a concentration on inorganic materials, and in

particular on sodalite, in a later section.

1.2.1 Silver halide glasses

These glasses consist of silver halide crystallites
distributed in a homogeneous glass matrix, the
photochromic colouring being due to the separation
of silver and halogen species (Megla 1966). The
halide species are prevented from diffusing away
by the glass matrix and the reverse process can
occur when the exciting radiation is removed, being
accelerated by heat or long wavelength visible light.
This reverse process differentiates ghem from
photographic emulsions where the silver and halide
entities separate under the action of light and the
halide diffuses away through the emulsion, leaving

behind the silver as a latent image.



Clear, opal or translucent glasses can be made, the
latter two being due to light scattering, according
as the crystal}ité diameter is 50-3008, 300 to less
than 20008, or greater than 20008. With crystallites
smaller than 508, the composite is not photochromic.
A typical useful glass in this class would be one
with 4 x 1015 crystallites crn-3 of diameter 50-1008%
at intervals of 500-10008 and has a resolution of
2100 fringe cycles mm-l. Colouring wavelength
varies from 35008 for silver chloride/glass to
60008 for ome using silver iodide. Bleaching

occurs in the range 5500-65008. These glasses,
therefore, have the desirable property of colouring
with ultraviolet radiation and bleaching with red,
but also of absorbing green light in the coloured

state, whilst not being bleached by it.

Whilst silver halide-glasses can have high transparency
in the coloured state and apparently show no fatigue

on repeated reversal, they give less change in optical
density for a given thickness and irradiation intensity
than some other photochromic materials, thus for a
change in optical demsity (OD) of 0.1 in samples 0.2cm

thick, 3-15chm.2 are required (Megla 1966).



l1.2.2

1.2.3

Rare earth doped glasses

Europium (II) and cerium (II) pfesent in a
concentration of about 100ppm in glass of composition
Na20. 2.58iO2 activate it so that irradiation in a
band centred cn 33258 produces an absorption band at
57008 which is the bleaching wavelength (Cohen and
Smith 1962; Muller and Milberg 1968). This effect
exhibits fatigue but can be restored by irradiation
at 25378. This type of photochromism can be explained
in terms of photo-oxidation and photo-reduction of

Eu(II) or Ce(II).

The visible absorption band is produced in many
glasses by 25378 radiation if the concentrations of
impurities such as titanium and iron are kept
extremely low, for colouration in longer wavelength

UV, however, the rare-earth activators are necessary.

Alkali halides

Photochromism is induced in some alkali halide
crystals by the presence of U-centres - hydride ions
(H ) occupying a halide ion site in the crystal
lattice. U-centres can be formed by heating the

crystal in alkali metal vapour followed by hydrogen,



or by growing the crystal from a melt doped with

the alkali metal hydride. Irradiation in the UV
absorption band ionizes the H ion, the hydrogen
atom diffuses away and the electron is captured on

a halide ion vacancy, forming an F-centre which has
its optical absorption in the visible region. F-band
irradiation at temperatures between 200K and ambient
retraces the steps, bleaching the colouration

(efficiency varies with temperature).

In work on information storage in potassium iodide
single crystals (Bessent and Runciman 1966), UV
irradiation in the 3-band was used to form F-centres.
lOJcm-2 (equivalent to lmW41m-2 for lO—4 sec)

produced an optical density of 0.1 at room temperature
and a tenth of this at 250K. The process is therefore
rather inefficient and the colouration fades slightly
over a period of days, but optical densities over 4.0
can be obtained in crystals 0.5mm thick. The wavelength
of the light used limits the resolution which is about

qlm here.



1.2.4 Silver halide doped magnesium fluoride

Evaporated MgF2 thin films contéining co-evaporated
silver halide, darken on exposure to ultra=-violet
radiation (Band et al 1973). The mode of action is
.similar to that of the silver halide glasses in
section 1.2.1; however, the containment of the
outward diffusing halide species is not as yet
efficient; the films therefore show rapid fatigue.

Work in this field is still in progress.

1.2.5 Calcium fluoride

Naturally occurring fluorite exhibits a variety of
colours due to rare earth impurities. Early in

the nineteenth century, miners in the north of
England found that this colouration could be bleached
by heating the crystals and reproduced by exposure

to sunlight, and it was later found that reversible
photocolouration occurs éspecially in calcium
fluoride doped with divalent lanthanum, gadolinium,
cerium and terbium (Staebler and Kiss 1969). The
mechanism of the colouration is a charge transfer

process between either:



1 two species of rare earth impurities, or

2 a rare earth and a colour centre that involves

an impurity (Faughnan et al 1971)

An example of the latter is CaFZ:La produced by
heating La(III) doped Can in caicium vapour which
reduces the rare earth to the divalent state (Kiss
and Yocom 1964), producing La2+:F-centre complexes.

UV radiation removes an electron from this centre and
it is then trapped by a La3+ ion in a cubic site
(Duncan et al 1970). The optical absorption is due
both to the cubic La2+ centre and the ionized
La2+:F-centre complex. The efficiency of this process
is about 10%.

In double doped fluorite, eg CaF,:Eu,Sm (Welber 1965),

2
charge transfer between the rare earth ions proceeds
via the conduction band and can be represented by

equation 1.1 and figure 1.1

hv(Eu)

2+ 3+

2+ 3+ sm“t + Eu 1.1

Eu + Sm 'T;RE;S“

This process has only been observed at 4K.



Conduction band

A\ /b

]
\
hv(Sm) \ hv(Eu)
31308 22508

Valence band

Figure 1.1

Photochromic charge transfer processes

in Can:Eu,Sm
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Alkaline earth titanates and rutile

Calcium, strontium and barium titanates, though
not magnesium titanate which has different crystal
structure, can show photochromism. MacNevin and
Ogle (1954) explained the effect in terms of the
crystal structure and the presence of impurities
viz Fe3+, Zn2+, V5+ and Sb5+. In general they
suggested the impurity should have a valence other
4t

than 4 and an ionic radius close to that of Ti

for the material to be photochromic.

As before, charge transfer processes are responsible
for activity in SrT:'LO3 when doped with iron or nickel
and molybdenum. The colouring and bleaching steps

are (Faughnan and Kiss 1968, 1969):

hv(near UV + blue)

Fe3+ + Mo6+ -

e hv'(visible) or heat
little or no absorption

in the visible region

bt 5+

Fe + Mo 1.2
absorption absorption
in blue-green in red-green
R —— e e ———

Very broad absorption in visible region
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A similar transfer occurs for molybdenum with
.2t . s . ot .

NJ_2 (giving N13 ), Cr and Co. It is probable

that iron, at least, occupies titanium sites in

the lattice (Kiss 1969).

Single doping and chemical reduction techniques
have been used to confirm these processes but it
has not been possible to discriminate between an

electron and a hole transfer.

Titanates have been used for thick holograms
(Bosomworth and Geritsen 1968) and in cathodochromic
screens., When used in the erase mode, lmm thick
crystals require 50chm-2 of visible light to induce

a change in optical density of 0.2.

AEatites

Irradiation of calcium fluoro- or chloro-phosphates
(Ca5(P04)3F and Ca5(P04)3C1 respectively) with
X=-rays, 18508 ultra-violet radiation or an electron
beam produces colour centres with photochromic
properties (Swank 1964). These centres are not

produced by additive colouration (calcium or lithium
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vapour), or by application of a high electric field

via point contacts at elevated temperatures

L 600°C).

(104ch—
On irradiation, fluroapatite turns green then
gradually turns blue at room temperature. The
original colouration is due to the formation of 3
centres - A, B and C. The A centres degrade slowly
at room temperature but almost instantaneously at
100°C and all three can be bleached out in khr at
125°C. At least 50 reversals are possible without
fatigue, but subsequently fatigue does occur and
limits the use of the material. The centres can be
interconverted by UV irradiation: irradiation in the
A band diminishes it and increases the other two and

vice-versa.

The three centres have been tentatively identified in

CaS<P04)3F as follows:

1 the A centre is an electron trapped in a fluorine

vacancy, ile analogous to the F-centre

2 the B centre is two, adjacent, associated A-centres
ie the dimer of A, analogous to an M-centre in

alkali halides
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3 the C centre is probably an A-centre/fluorine
vacancy composite, equivalent to an ionized B

centre though the identification is not definite

The main 'anticentres' to the three centres described

are 0° in F sites (Segall et al 1962).

Chloroapatite.has a slightly different structure
from its fluoro analogue, the halide ion being
displaced along the c-axis. However, Swank (1964)
has identified centres corresponding to the A and

B centres above and a new one designated X.

In photochromic apatites, the maximum colour centre
. 18 -3
concentration has been measured as 10" cm ~,
comparable with other active materials. Its main
disadvantages seem to be fatigue and the short
wavelengths necessary for its initial colouratiom.
It seems likely, however, that it will be used as a

cathodochromic material, and its highly polar

absorption characteristics may find novel application.
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Applications of Photochromic Materials

Factors important for applications

1 Sensitivity

Sensitivity can be defined as the optical density
change per unit of absorbed light energy.
Photochromic, unlike photographic, materials do not
show gain and production of one, or exceptionally
two, centres per absorbed photon represents an
upper limit. . The energy required to colour an ideal
photochromic can be calculated using Smakula's

equation below

NE = (0.87 x 107) —5P——F kmax W, 1.3
(n” + 2) 2

f = oscillator strength

N = number of colour centres cm

n = refractive index of the medium

kmax = peak absorption coefficient in o::m-l

Wy = full width of the absorptioﬁ band in ev

at half maximum

From this, for a typical optical absorption band
half-width (0.4ev), to obtain an optical density

change of unity requires about 5 x 10_3Jcm_2.CaF2
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and SrTiO3 require about 30 times this energy which
would imply say £ = 0.3 and an efficiency of about

0.1;10% efficiency is fairly typical.

2 Speed of colouring and bleaching

Three transition rates are important:

a) electronic transitions from centre to centre,
probably via the conduction band. This time
should be of the order of 10-9 sec but in
practice is largely determined by the trapping
time. For example, in SrTiO3 doped with
transition metals this time has-been determined
as less than lO-7 sec using a Q-switched ruby

laser (Amodei in Faughnan et al 1971)

b) limitations due to lack of sensitivity,
ie insufficient light intensity. Variétions
between a few seconds for irradiation with a
500W high pressure mercury lamp to 0.1 sec for a
1W argon laser where the absorption bands are

matched to the laser

c) thermal decay of the switched state can cause its

stable period to vary from months to 10-3 sec
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3 Resolution

Apart from two phase systems like silver halide doped
glasses, the resolution element is the size of the
atomic impurity centre. However, the practical limit
is the diffraction limit of the colouring light as
shown in the production of 3-D holograms in
photochromic materials (Bosomworth and Geritsen 1968;

Amodei and Bosomworth 1969).

The absorption coefficient also has an effect, eg for
a material whose maximum absorption coefficient change
gives an optical density change of 3.5 x 10-3 m—l at
the measuring wavelength, then for a change in OD of

0.5 requires a 1504 m thickness, a much larger element

than the diffraction limit.

4  Resistance to fatigue

Some organic films have higher absorption coefficients
than many inorganics; however, they suffer more
severely from fatigue. Most inorganic photochromics

show no fatigue after 106 colouring - bleaching cycles.

Applications commonly involve both photo and
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cathodochromic properties either together or

separately.

Storage display tubes

The first tubes of this t&pe used potassium chloride
in place of phosphor in a fairly conventional CRT
assembly and was known as a skiatron. In recent
years it has been developed further (Kazan and Knoll
1968), and produces a dark line on a white background.
Several other designs have been developed using
settled powder screens of transition metal doped
titanates, sodalites and others. Colouring of the
screen, ie writing-in, is usually achieved by an
electron beam either by scanning the screen
sequentially (Gorog 1970) or by random scan
addressing (Hughes and Hankins 1972). Additional
information can be written-in manually with UV

radiation using a light pen.

Erasure of the image can be performed in a number

of ways:

1 optically by an electronic flash - a fast method
which is non-selective and 'ergonomically

unsuitable' for direct viewing. Also, the
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storage property of the material is lost and a
residual colouration builds up which requires
bleaching thermally or by laser (Tubbs and

Wright 1971)

thermally by incorporation irto the screen of a
ﬁransparent resistance heating element (Fyler
1964), giving complete bleaching which is non-
selective and relatively slow, erasure taking

of the order of seconds. The time taken to cool

must also be considered

thermally, using the electron beam to selectively
heat any sites requiring erasure (Hughes and

Hankins 1972)

The information can also be displayed in a number of

ways, viz:

4

as a dark trace on a white background

as a white, ie bleached, trace on a coloured

screen

as a white trace on a coloured screen with the
rear surface of the screen coated with a phosphor

which is repeatedly scanned by an electron beam
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causing it to glow through the bleached material.

(4) and (5) show better with high ambient light level.

For cathodochromic uses, resolution is dependent on

the electron beam diameter.

According to Hughes and Hankins (1972) an ideal
display terminal would combine the advantages of

other display systems, viz:

1) non-cycled display, free from flicker
2) random-scan deflection

3) high storage density and resolution
4) large viewing area of high brightness
5) selective erasure capability

6) standard type CRT

7) indefinite storage

8) grey level capability

9) relatively low cost

Cathodochromic CRTs closely approach these criteria
using sodalite as the active material, and compare
favourably with other types of screen for cost and

writing speeds (Phillips and Kiss 1968; Taylor et al 1970).
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Projection systems

In these systems, the screen of'one of the tubes in
section 1.3.2 or a moving continuous band is in
effect used as the 'transparency' or object of a
projecting system. The system can be used for colour
projection by varying the colour of the projection

light, eg by filters.

Hard copy systems

Photochromic powder coated on to a suitable backing,
eg standard size paper or plates, can be 'printed' on
either by contact printing from the faceplate of a
CRT or focussing an image on it using a suitable

optical system.

Radiation sensitive optical components

Photochromic glasses and plastics have been
fabricated into lenses for spectacles haviné optical
clarity at low light levels but which darken in a
few seconds in bright sunlight. The bleaching

process occurs in the order of minutes. Glasses of

this type are 'Photogrey' and Corning 'Bestlite'.
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Devices of this kind have been suggested as possible
progenitors of anti-nuclear-burst eye projection
hardware. Stringent requirements for these have
been listed by Britten (1964); however, no currently

known material fulfils these qualities.

Photochromic glass is used in tﬁe~automotive industry
(Rover 3500) and architecturally under the trade name
'Sundym' for windscreens and windows. Here, the
limitations of the glass, eg the thickness required
to obtain a given optical density change, speed of
change etc, are not tested too severely, whilst
advantage is taken of special properties of the

glass such as the capacity to be produced in large

areas and to be formed into arbitrary shapes.

Information storage elements

Magnetic core memories storing up to 107 bits of
binary information can be duplicated in storage
capacity by a 1cm3 photochromic plate or film with
3pm x 3um resolution elements; within the capability
of diffraction limited laser optics. Similar storage
densities are also obtainable using thick film

holograms (Bosomworth and Geritsen 1968) (figure 1.2).
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Photochromic
crystal

Object beam

Reference
beam

Laser

Figure 1.2

Thick film hologram production
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Also Megla (1966) has shown that Corning glasses
are capable of recording 2100 fringe cycles mm-l

or 4.4 X 108 bits cm-z.

How the photochromic single crystal would fit in

with existing memory systems is not clear. Thermal
decay makes it impermanent, requiring updating.

High speed applications would also be ruled out by
power requirements for switching limiting the response

time.

Van Heerden (1963) has discussed this method of
information storage in semitransparent materials
where the image is formed as interface patterns of
two plane parallel waves. Writing-in is accomplished
by bleaching the pre-coloured crystal and read-out by
light diffracted at the non-uniform absorptions in
the crystal. Multiple images are stored using
different wavelengths or angles of incidence. The
process is limited by successive images bleaching

further colour centres.
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State A
Absorption
Write Read
A, A,
Wavelength
State B
Absorption
Erase
As
Wavelength
Figure 1.3

Optical requirements for a photochromic memory
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Kiss (1969) stated the required optical characteristics
of a photochromic material for information storage as
shown in figure 1.3. In state A there are two absorption
bands. Radiation in )\2 does not affect the state

but its absorptioﬁ shows its existence or otﬁerwise

and is, therefore, thé read wavelength. Light in'Kl,
however, changes the state of the material to state

B.(no absorption at'lz), whilst irradiation in AB

sends the material to state A, erasing the memory.

CaF :Sm2+, Eu3+ has characteristics approaching this

2

ideal.

F aggregate centres can also be used to provide
non-destructive read-out (Carson 1965). Here, Carson
irradiated potassium chloride crystals doped with H ,
with ultra-violet to form F-centres. Information is
stored as M and R centres (Compton and Rabin 1964)
produced by F-band light, the non-destructive read-out
being in the R2-band, and erasure is by irradiation

in the U-band, producing hydrogen atoms and molecules
which diffuse to the complex centres destroying them,

probably by the mechanisms

H2 + M — 20 1.4

Hy+R ——> 20 +F ' 1.5
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Low intensity reading beams must usually be used
in photochromic stores. Intensities comparable to
the erase light intensity most often produce some
bleaching because of the coincidence of the two
wavelengths in question Which commonly produces

a limit on the number of cycles possible.

Non-destructive inspection of defects in structures

A coating of temperature sensitive photochromic
material which changes colour on exposure to light
but becomes colourless on moderate heating, can be
used for this purpose, for example in glass fibre
and other composites. A coating of spiropyran dye
in vinyl butyral resin is applied to the structure
and UV irradiated for about 4 sec when it changes
from white (if pigmented) or colourless, to bright
violet. When the sensitized coating is developed
by gentle heating, defects in bonding or porosity
in the structure show up as sharply delineated areas
of white against a violet background. The image

persists for several hours at room temperature.
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Slow conduction of heat away from the coated
surface (indicative of poor bonding etc) causes a
heat build up or warming of the area, gradually
bleaching the coating. Reverse side heating

produces a reverse colour effect (Allinikov 1970).

Conditions of materials in the various applications

For holograms and optical memory systems it is
necessary to use single crystal photochromic
materials, although it may be possible to use

powders for a 'memory'.

Photochromic powders are more suitable for display
screens, projection and moving band systems and
'hard copy' generators. It is possible to obtain
contrast ratios of over three to one with these
materials, where contrast ratio is the ratio of the
optical density of coloured state to the optical
density of bleached state. Apart from relative ease
of production of material and systems using powders,
they have other advantages for these functioms.
Because of the shape and size of the particles there

is a light trapping effect, especially with materials
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of high refractive index, which enhances the
contrast ratio. Light striking the powder is also
more likely to be absorbed than that striking a
single crystal of comparable thickness, since
internal reflections occur in the powder. In
addition, shorter wavelength UV radiation sometimes
used to colour the material, penetrates thin powders,
whereas it would be absorbed near the surface of a

single crystal slice.

The coating material for structure defect study and
the silver halide doped glasses are similar in that
they are inhomogeneous dispersions in a matrix.

The rare earth doped glasses are homogeneous

supercooled liquid solutiomns.

1.3.9 Summary of uses

Table 1.1 shows the main applications of photochromic

materials.
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TABLE 1.1

application

Storage display tubes
Projection systems

Hard copy systems

Radiation sensitive

optics

Information storage

Non-destructive

defect study

materials

Sodalites, CaF,:RE,

2
Sr(Ca)TiO3:TM,

powders

Silver halide doped
glasses and Mng films
and other photochromic
glasses

Sodalites, CaF,:RE,

2

Sr(Ca)TiO,:T™M, single

3
crystals (possibly powders)

Photochromic materials

in resin
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. Figure 1.4

The Cubo-octahedron of the sodalite structure
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Sodalite

Structure

Sodalite is the name for a group of materials of
the same type as zeolites, ultramarines and lazurite
which are composed of a spacefilling aluminosilicate
framework. Sodalites can occur in colourless, blue,
green or white forms and may be photochromic, in

which case it is called hackmanite.

The archetype for the sodalites, chlorosodalite, has
the ideal formula 6(NaAlSi04).2NaCl and is of crystal
class 43m. In its aluminosilicate framework, the
silicon and aluminium atoms alternate with a

bridging oxygen atom between each Si-Al pair; one
structural unit contains six four-membered rings

(2 x Si + 2 x Al), and eight six-membered rings

(3 x Si + 3 x Al), which are respectively the cube

and octahedral faces of a cubo-octahedron (figure 1.4).
This unit has common octahedral faces with eight other
units, the hexagonal channel between them having a
free diameter of 6R. The sodium and chlorine atoms

are arranged symmetrically as (Cl + 4Na) units with
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the chlorine at the centre of the éubo-octahedral
lattice cage and the sodium ions tetrahedrally placed
around it, about halfway between the chlorine ion and
the centre of the hexagonal channels. The lattice
constant is 8.872, the O-Na distance 2.368 and the

Cl-Na distance 2.703.

Early investigations of the photochromism

Reversible discolouration of alkali halides was
observed late last century by Goldstein (1896) but
this observation is antedated by a report by Allan
in his 'Manual of Mineralogy' 1834 about hackmanite:
'Its colour is green unless freshly fractured, when
it presents a brilliant pink tinge, but this on
exposure to light goes off in a few hours".
Contemporary mineralogists regarded this observation
as poorly founded and ignored it until it was

confirmed in 1901.

Lee (1936) found that hackmanite could be coloured
by 2250-48008 radiation and bleached by 4800-75008
light. The first synthesis of a photochromic
sodalite was accomplished by Medved (1954) who

sintered a stoichiometric mixture of alumina, silica,
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Forbidden Energy Band
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Figure 1.5

Band Structure of Photochromic Sodalite

- Medved Model
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sodium hydroxide and sodium chloride giving

6NaOH + 3A1203 + 68102 + 2NaCl >

Na6A16Si6024°2Na01 + 3H20 1.6

This reaction had to be performed below 1060°C to
form the sodalite by solid state reaction. Attempts
to lower the reaction temperature using fluxes such
as LiF and NaWO4 failed, Thermal and ultra-violet
studies showed that the colour centres of natural
hackmanite were not being duplicated, nor were they
introduced by addition of various amounts of groups

I, 11, IV, V, transition or rare earth metals or

sulphur.

Medved explained the photochromism in terms of the

band theory of solids (figure 1.5), with two impurity
type levels. The levels marked F were assigned to
lattice imperfections such as cracks, strains,

missing ions etc, which could trap electrons forming
F-type centres whilst those marked U, considered
responsible for UV sensitivity, arose from the

presence of substitutional or interstitial impurities
in the lattice. Transition 1 represents the absorption

of UV radiation to give a conduction band electron
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which can return to the U level (3) or go to the

F level (2), the latter being responsible for the
observed salmon-orange fluorescence under UV.
Absorption of visible light (4) combined with process

3 gave rise to optical bleaching of the material.

Since Medved had to activate his sodalites by firing

in a hydrogen atmosphere or a carbon crucible with
limited access to air, he thought that H or G ions

in halide ion sites gave rise to the U-centres. An
F-centre is formed when the hydrogen (or carbon) atom
diffuses away from its extra electron, under the
influence of UV radiation leaving a vacancy whilst °
the reverse diffusion process can be induced by
visible light. This colouring process may be plausible
for H centres, but is less likely for the more bulky

C ; this bleaching process is mot probable for either
species. Also, a tendency for hydrogen atoms to pair
up into molecules must be expected which would decrease

even further the degree of bleaching.

Kirk (1954 and 1955) argued that sulphur is necessary
for sodalite to be (a) photochromic and (b) luminescent,

and which of these processes dominates depends on the
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form of sulphur added and thermal history of the
material. He showed that many natural sodalites
contain sulphur and that the yellow or orange-

yellow luminescence of scapolite (Na3(A151308)3.Na01)
and sodalites are due to the presence of sodium
polysulphide (compare Bershov et al 1969). However, the
work of Radler (1962, 1963) on inorganic photochromic
materials for information storage indicated that
while sulphur containing salts of sodium aided
photocﬁromic effects, they were not necessary, since
when they were left out of the starting materials,

photochromic sodalite still resulted.

Sulphur and iron as activators

In addition to Kirk, Williams et al (1969) also
found sulphur to be a necessary ingredient of
sodalite for good photochromism and identified the

electron donor in the process as 52 from
stoichiometry and epr measurements. Hodgson et

al (1967) had previously assumed the active centre
to be sulphur but their epr data was insufficient to

decide what type of sulphur species. Phillips (1970)

found a correlation between the extent of iron doping
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and photochromism and that sulphur had little

positive effect. It is interesting that Williams
et al (1969) also noted an effect on the activity.
of their materials of trace amounts of transition

metals, but did not give detailed results.

Recent studies

Hodgson et al (1967) made a positive identification
of the 'F-centres' of Medved when they obtained the
epr spectrum of sodalite in its coloured state and
found a signal of 13 lines with equal spacing
centred on g = 2.002 T 0.001 in the correct ratios
for 1 electron interacting with four nuclei of spin %.
In sodalite these nuclei can only be the four sodium
nuclei. These centres are analgous to F-centres in
alkali halides being a single electron trapped in a
chlorine vacancy at the centre of the tetrahedron.
The problem of accounting for the photochromism now
becomes one of elucidating the source of the trapped

electron.

Though sulphur and iron had been shown to be present
in photochromic material, and to assist the activity,

they had not been shown to be the source of the



- 37 -

F-centre electron. Using high purity techniques
and optical spectra Ballentyne and Bye (1970)
showed that these impurities are not necessary

for photochromic activity but ions containing S,
Se and Te and possibly others can take part in the
process. Two general mechanisms were suggested,
intrinsic and extrinsic processes. Hydrothermally
grown sodalite is not photochromic but only shows
activity after heating at 900°C in a reducing
(hydrogen) or inert (argon) atmosphere; for the

activation step Ballentyne and Bye suggested 1.7

200, —=T__ o 2V, + 0 + H,0 1.7a

Cl

2 2—
+ ‘i h ‘

The photochromic reactions are then shown in 1.8

_ colo%ring
0% 4+ v Bv(OT) = 07+ e 1.8
Cl Cl ~ v () Cl Cl
bleaching f-centre

These reactions would be the same for intrinsic and
extrinsic activity but for the latter the impurity
anions, of charge greater than unity, will have
created greater numbers of chlorine vacancies for

charge compensation, therefore making the photochromic



1.5

- 38 -
action easier and more intense. The 0 ion
suggested as formed in the coloured state should

be observed by epr spectroscopy.

Objectives of the present work

Sections 1.4.2 to 1l.4.4 illustrate the different
mechanisms postulated for the photochromic process
in sodalite. Elucidation of the mechanism involved
is desirable from two standpoints; firstly electron
transfer reactions in solids are of interest because
of the basic physics involved and secondly a
knowledge of the processes occurring can help to
find other photochromic materials and treat them to
produce properties required for given applicationms.
Technologically, sodalite powders are more important
than single crystals and it was therefore decided to
confine these studies to them. The main techniques

used in this investigation are:

1 the growth of a variety of sodalites by different
methods and in different media whilst changing

the dopants

2 activation studies
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3 electron paramagnetic resonance (epr) studies

In addition to these main techniques other
supplementary techniques are introduced as necessary;
for example, infra-red spectroscopy and computer
construction of epr spectra. The general aim is to
discover the electron donor in the photochromic
process and produce new technologically useful

materials.

Future areas for study

Future work should include a search for new
photochromic materials (particularly the technologically
more important powders and glasses), which will colour

more efficiently, have greater contrast ratio, and fade

. more- slowly or to a negligible extent.

Research into applications of sodalites might be most
fruitful if it was channelled into those areas which
best use their unique.properties, ie relatively long
write and more particularly erase times, slight fade,
low cost of production etc. An application of this

type would be the production in the home of 'hard'
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copies of news and weather situations, particularly
of a local nature, in the manner of a local
newspaper; existing television technology could
cope with a system of this type. Write and erase
times here are non-critical since updating need
not be frequent, say every 15 or 30 minutes and
sodalite cathodochromic tubes have already been
produced with write/thermal erase cycle times of

about eight seconds.
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PRODUCTION AND ACTIVATION OF SODALITE

Introduction

Although photochromic sodalite occurs naturally
(as hackmanite), for quantitative measurements
synthetic material has more consistent properties.
Photochromic sodalite was first synthesized by
Medved (1954) and Kirk (1954), who sintered
together silica, alumina, sodium chloride, sodium
hydroxide or carbonate respectively and sodium
sulphate and/or sulphide. Williams et al (1969)
prepared similar materials by treating zeolite-X,
pretreated with sodium chloride, with SO2 or HZS’
and Carr et al (1968) has grown sodalite from high
pH gels. However, in this work hydrothermal
synthesis was mainly used along with flux melt
synthesis and the treatment of kaolinite with
sodium hydroxide in the presence of other sodium

salts.

Hydrothermal growth was the method most used as it
produced sodalite of the required crystal size and

shape for our applications. This method has the
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disadvantage that the material is not photochromic

as grown but requires activating by one of several

methods discussed below.

Hydrothermal growth

The solubility of most materials in a solvent is
increased if the temperature is raised. The
increase in solubility is not limited by the
boiling point of the solvent or its éritical
point, providing the system is enclosed since
solutes, including solids, are soluble in gases
(Morey 1957), and for water considerably above
its critical density no discontinuity occurs in

solvent properties at the critical point.

This observation forms the basis of the method

of hydrothermal synthesis; solid feed materials
can be transported through water or a water based
medium from a position where thermodynamic
conditions favour solution to one where deposition
is favoured. The main criteria for growth of this
type are the stability of the solid phase under

the conditions used, and a solubility of this
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Binary phase diagram between a typical refractory

material and water
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phase in the solvent of at least 1% (Laudise and
Nielson 1961). Hydrothermal synthesis can also

be understood if it is seen as water depressing
the melting point of a refractory material so

that it can be crystallised at a lower temperature
(fig 2.1). Usually a 'mineraliser' is added to
the water to increase the solubility of the

solute which is not usually high for the refractory
materials commonly grown by this technique. It is
probable that the mechanism of reaction of these
mineralisers is the formation of complex ions of
the compounds in the feedstock (Laudise and Kolb

1969).

This method has been used notably for ({-quartz
crystals (Laudise and Ballman 1961) for crystal
oscillators, but also for sapphire (Marais 1968),
zinc oxide, zinc sulphide, yttrium iron garnet
(YIG) and yttrium gallium garnet (YGG) (Laudise
et al 1961); for these materials the mineralisers

used are alkali metal hydroxides and carbonates.

Acidic Media such as hydrohalic acids, especially

HI, have also been used as mineralisers, mainly
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for growth of crystals of metals, chalcogenides and

halides (Rabenau and Rau 1969).

Hydrothermal growth also occurs in nature, many
naturally occurring minerals being formed by this
process. In the laboratory, however, the method
has the advantage that it is possible to dope the
crystals grown fairly uniformly and, by using noble
metal containers, it is possible to'grow extremely

pure crystals.

In the laboratory, the process is usually carried
out in a sealed pressure vessel, an autoclave, and,
since above 100°C the pressure of water, at densities
high enough to make its solvent power appreciable,
increases rapidly (fig 2.2), the autoclave is built
to withstand the pressures involved (typically
1000-2000 atmospheres). In this study two different
autoclave systems were employed for prodﬁcing

polycrystalline sodalite:

i bolt-on-head, mpdified delta-ring sealed, type

(Butcher and White 1964), and

ii cone-in-cone, Tuttle type (Luth and Tuttle 1963).
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Head with boltholes
Body of autoclave

Delta~-ring seal
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Platinum lining
(where used)

Dissolving zone

Crystallising zone
(main body)

F' Crystallising zone
(capsule)

G Gold capsule
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Figure 2.3

Bolt-on-head autoclave
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Figure 2.4

Autoclaves: Bolt-on-head (left),

Tuttle type (right)
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This second type of autoclave was used with and
without external pumping, in its 'normal' single
ended form, and in a double ended modification.

\

Bolt-on-head delta-ring autoclave system

Autoclaves of the type described by Bye (1970) and
Butcher and White (1964) constructed of Nimonic

80A alloy or EN58G stainless steel were used
(figures 2.3 and 2.4). These vessels had an
internal volume of about 90ml. Some were lined
with platinum whilst in other cases, gold tubes
about lcm diameter and 10cm long were used to
contain the charge; to prevent the capsules from
exploding from the pressure generated by the charge
at the temperature of the run, the pressure in the
rest of the autoclave was kept the same as that in
the capsule, for all temperatures, by filling it to
an equal fraction of its free volume as the capsule
with water. Sealing of the gold tubes is discussed

in section 2.2.4 below.

Conditions of growth used were in the ranges
400-1000 atmospheres (6-15 kpsi) and 300-500°C for

36-120 hours.
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In a sealed system the pressure is determined by

the initial fraction or degree of fill, which in

turn was determined by interpolation from pressure-
volume-temperature relationships for water (Holser
and Kennedy 1959) giving, for example, the necessary
degree of fill for a pressure of 1000 atmospheres at
400°C as 61.2% or 55.1ml for the 90ml autoclaves.

At 61.2% £ill the ultimate density of the water will
be 0.612 since it will completely fill the autoclave
both above the critical temperature (374.2°C), when

it is gaseous, and some way below it, when it is
liquid. (In fact if the degree of £ill is such that
the ultimate density would be above the critical
density (0.326) then the liquid expands until it

fills the autoclave at some temperature below critical,
where it turns to gas. If the degree of fill is below
32.6%, the autoclave 'boils dry' below 374.20C,

ie fills with water vapour. For a fill of exactly
32.6%, the liquid meniscus remains stationary and

disappears exactly at the critical temperature.)

Where noble metal capsules were used, the degree of

fill inside them and the autoclave was the same,
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any slight discrepancy being compensated by minor

expansion or collapse of the capsule.

The autoclaves were heated in two different types

of furnaces:

a) a horizontal tube of sintered alumina, heated
by 'Crusilite' rods, and thermally insulated
with 'Fibrefrax' blanket (Carborundum Co Ltd).
In this furnace the autoclave was supported at

about lOO to the horizontal

b) an assembly of refractory bricks with an
enclosed cavity in which the autoclave stood
vertically, radiatively heated by 'Crusilite'

rods (Morganite Electroheat Co Ltd)

The temperature in both types of furnace was
controlled by Eurotherm PID/SCR phase-angle fired
controllers using Pt/Pt-13% Rh thermocouples. The
furnaces were open ended thus producing a temperature
gradient along the length of the furnace tube. The
autoclave was positioned so that the growth region

was at a lower temperature than the charge (around

25¢°).
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Tuttle type autoclave
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The autoclaves themselves had eight bolts holding
on the 1id and these were tightened gradually in

pairs to 40 or 45 ft 1bs with a torque wrench.

Tuttle type autoclave system

Autoclaves similar to those described by Luth and
Tuttle (1963) were constructed of Nimonic 80A alloy
(figures 2.4 and 2.5), with stainless steel EN58E

or EN58J (= SS316 or SS321) cones and mild steel
EN2A header nuts. These were externally pumped with
water to produce the required pressure by a Pressure
Products Industries gas-hydro pump type APPS-30,
which could produce a maximum pressure of 30kpsi
(2000 atmospheres). The gas used to drive the pump
was compressed cylinder nitrogen or air, and the
water conduit was % inch high-pressure tubing of
SS316 stainless steel as were the juﬁctions and
'Tt'-blocks etc, which were standard Pressure Products
Industries equipment and used gland nut and collar,

cone-in-cone connectors (figure 2.6a).

The autoclaves were suspended vertically by their
pressure leads from a frame, and heated by furnaces

wvhich ran on vertical rails. The furnaces consisted



- 54 -

;:E______;i
h"

B
:IE H LH thread
U RH thread
A A pressure
tubing
Figure 2.6a collar
HP connections C gland nut
seating
(T-block etc)
E cone-in-cone
seal
T/C in

< HP water in

T/C + HP water
to autoclave

Figure 2.6b

Tee block immediately before autoclave



-~ 55 =

of aluminous porcelain tubes (ID = 45mm, OD = 55mm
from Thermal Syndicate Ltd) with windings of

Kanthal Al, insulated by Fibrefrax Lo-con blanket
with aluminium and duralumin bodies, controlled

by Eurotherm PID/SCR rapid cycling temperatﬁre
controllers, via chromel-alumel thermocouples
situated between the autoclave body and the furnace
wall. Temperatures inside the autoclave could be
monitored by metal (inconel) clad, Mg0 insulated
chromel-alumel thermocouples (Pyrotenax Ltd),
braised into a short length of pressure tubing,
coned and left-hand threaded on one en&, in similar
fashion to that used for the pressure lead (figure
2.6a). This could then be inserted through one port
of a 'T'-block, whilst the other two are used for
water under pressure from the pump, and water fo

the autoclave respectively (figure 2.6b). A similar
arrangement could be used for two temperature sensors
(down one port), or for temperature and pressure
sensors, for detailed obsefvations on conditions

within the growth zone.

The furnaces had two zones, one near the bottom

where the temperature was nearly constant over
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several centimetres and another just above this,
where the temperature gradient, although varying
slightly with temperature setting, gave about 30¢°
drop in 15cm. Thus isothermal or temperature

gradient conditions could be used.

A schematic diagram and photograph of the equipment

are shown in figures 2.7 and 2.8.

In view of the danger of using this equipment,
certain safety precautions were taken. On the frame
which supports the furnaces, temperature controllers,
autoclaves and pressure leads were hung soft mild-
steel sheets by steel hooks. Normally these sheets
stand on 6 inch cubes of concrete so that their
hooks are just clear of the frame and they lean
against it. Should high pressure superheated water
or high speed metal strike these safety screens,
first the sheet would be dislodged from thé concrete
blocks and its weight transferred to the frame via
the hooks, then any residual momentum can be expended
in deforming the (relatively) soft sheet and

swinging it outwards on its hooks. In this position

the screen deflects any shrapnel etc downwards and
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to safety.

In the photograph the equipment is shown with one
sheet removed to display the autoclave assembly.
The equipment can operate at pressures in excess
of 15,000 psi (1000 bars) and temperatures up to
600°C. Some autoclaves were also made in modified
form, the closed end being finished in identical
fashion to the pumped end, except that the cone
used to seal it was blank, without a water inlet
hole. This type of autoclave was more convenient
to use since the growth mixture was contained in
sealed 6mm OD high purity gold\tubes which closely
fitted the autoclave, and removing these was

facilitated by having an open ended cavity.

In use, the gold capsule was filled to produce the
pressure required at the growth temperature and
pressure compensation is provided by the pump. The

method of use was as follows:

i final pressure of the run pumped into the

autoclave while cold as a test for leaks etc

ii pressure brought back to atmospheric
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o}
iii furnace controller set to about 100 C and a

corresponding pressure pumped in

iv  when the system attains equilibrium after
(iii), pressure and temperature are increased
in approximately 100¢° steps (and the
corresponding pressure also) and equilibrium

attained, until the required P and T are obtained.

In some runs, blank cones were used at both ends
(or one only for the single ended autoclaves) and
pressure balance was controlled by degree of fill of

the wvessel.

Sealing of gold capsules

When the bolt on head autoclaves wefe used, no
problems were encountered with the growth capsules
since the internal diameter of the vessels was about
1 inch giving a large clearance between the gold
tube and the autoclave. For this growth method,
therefore, the capsules were sealed by folding

followed by cold pressure welding.

The Tuttle type autoclaves were more difficult to

use since the gold tube was chosen to have as large



Figure 2,9

Folding and pressure welding of gold capsules.
Left to right - flattened; folded; curved,

refolded and pressure welded
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a diameter as possible to fit inside the autoclave.
Folding and pressure welding was possible only if

the flattened ends were folded and curved about an
axis parallel to the longitudinal axis of the capsule
(figure 2.9). Other methods were therefore tried,

ie arc and argon arc welding and arc plasma welding.
For the first two methods the gold tube_was made the
positive electrode and a thoriated-tungsten rod set
in a copper block the cathode. A miniature argon arc
plasma gun was constructed using a similar arrangement
for the cathode, with the addition of a copper anode

and argon lead (figure 2.10).
Finally, however, folding and cold welding was
mainly used, though much care was needed to avoid

rupturing the thin wall of the tube.

Materials used

All solid materials were ‘'Analar' grade or better.
'Analar' materials were from Hopkin and Williams

Ltd and 6N SiO, from Koch-light Laboratories Ltd.

2
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Other materials used were:

D,O 99.7 at %D

2
40% NaOD in D20 98 at %D
Argon 4N5

Oxygen

Koch-light Laboratories

Koch-light Laboratories
British Oxygen Ltd

British Oxygen Ltd

Hydrothermal preparation of microcrystalline sodalite

All apparatus which came into contact with the charge

components, including the gold capsule, were

ultrasonically cleaned in 'Teepol’ solutibn and

distilled water, then acetone and water rinsed and

oven dried.

The basic charge consisted of the proportions shown

below:
weight
proportion
SiO2 0.420g
A1203 0.392¢g
NaCl 0.344g
NaOH 0.611g
H,0 2.6ml

relative number
of millimoles

6.990
3.845
5.787
14.906

l44.444
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The exact proportion of H,0 depended on the degree

2
of fill required. Additives such as sulphate,
phosphate and perchlorate were added to the charge

as the sodium salts, typically at a molar concentration
of 5% of the water concentration of NaCl, where doped
sodalites were required. The mixture was then placed
in a gold capsule, sealed, and placed in an autoclave
(with appropriate degree of fill if a sealed system
was being used), and transferred to an appropriate

furnace which was gradually brought to the growth

conditions, as described above.

On completion of the run and cooling to room
temperature the gold tubes were opened and their
contents filtered on a Buchner funnel, washed with
distilled water, followed by 'Analar' acetone and
air dried (except for deuterated sodalites which

were quickly oven dried).

2.3 Fluxed melt growth

2.3.1 Introduction

Flux growth uses a 'flux' which is a low melting

point (say 400-80000) solvent to dissolve the feed
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materials, conditions being arranged so that these
deposit from the solution as a stable phase. There

are two important methods:

a) by dissolution then gradual evaporation of the

solvent, making the solution supersaturated

b) gradual solution of the components of a material,
which react in solution forming the compound
which can then precipitate out as the solution

becomes supersaturated, -

The latter is often performed with a temperature
gradient between feed and growth site or slow cooling

of the mixture.

Reviews of fluxed growth have been compiled by

Laudise (1963) and by White (1965).

In this particular case sodalite was formed by slow
cooling in a flux of sodium carbonate/sodium vanadate
(White 1970). Although this method was used for most
runs, several other methods were also tried; for
example, precipitation from a flux and wire seeded,

temperature gradient growth were also used but only
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the slow cooling produced photochromic sodalites.
In each case, a premelt procedure was followed. The
materials used were of Analar grade and the standard

charge consisted of:

relative weights relative number
(g) of moles

Na2003 25,60 0.242

V205 13.64 | 0.075

A1203 3.40 0.033

SiO2 5.00 0.083

NaCl 10.00 0.171

To this 'standard' formula various dopants were
added, eg transition metal oxides; sulphate ionms,
molybdate ions or phosphate ions as sodium salts

in varying quantities. Crushed synthetic white
sapphire was used in some runs in place of powdered
A1203 whilst crushed fused quartz was sometimes used

in place of powdered silica. Also NaCl could be

replaced by other sodium halides.

Pre-melt procedure

The constituents of the charge without the sodium
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chloride were thoroughly mixed dry in a roller
mixer. The resultant powder was then placed a
little at a time into a platinum crucible heated
by a resistively heated, vertical, tube furnace to
about 80000, the rate of addition being determined
by the effervescencerdue to reaction of the NaZCO3

and V.0 Platinum was used to avoid contamination

2°5°
from corrosion by the liquid. When the melt ceased

effervescing (about 3 hrs), the mixture was allowed

to cool.

2.3.3 Controlled cooling growth

Sodium chloride, omitted previously to avoid loss by
evaporation, was added to the product of the premelt
and a platinum 1id was crimped on to the crucible.
The crucible was placed in a furnace at 980°C and
cooled at two or three degrees per hour to 650°C.
The crucible was then allowed to cool naturally to

room temperature.

2.3.4 Precipitation from flux

The procedure was as above but the temperature of

the growth furnace was held at about 980°C for
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& Air in
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A Vertical tube furnace E Pt seeding wire
B Fireclay block F Growth liquid
C Fireclay lid G Feed solids
D Pt crucible with H Alumina air tube
crimped on 1lid
Figure 2.11

Wire-seeded flux-melt growth furnace
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about 10 hours, then allowed to cool naturally.

Wire~-seeded temperature gradient growth

For this method, the same charge as the other methods
was used but the crucible 1id had welded to its

inner surface a platinum wire, arranged so that its
tip dipped just below the surface of the molten
mixture. The furnace (figure 2.11) was maintained

at a temperature of 900°C and air was blown on to the
end of the platinum wire in order to seed sodalite
crystals., After eight days the furnace was turned

off and the crucible was cooled to room temperature.

Extraction of products

After each run, microscopic examination showed the
products to be sodalite crystals embedded in the flux.
Since the latter is soluble in hot water, and the
unreacted materials all have a lower density than
sodalite, the sodalite crystals can be recovered by
settling them out in hot water. X-ray powder
diffraction confirmed the only material present is
sodalite except for very small amounts of unreacted

silica and alumina.
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Low temperature hydrothermal synthesis of

sodalite from kaolinite

Introduction

Kaolinite is a china clay mineral with a typical

analysis as shown in table 2:1

Table 2:1

Si0

A1203

Fe203

TiO
Cal
Mg0

KZO

Na20

loss on ignition

(moisture content

%
46.6
38.3
0.49
0.05
0.2
0.2
0.68
0.07
13.43

1.0%0.5)

When this material is heated with sodium hydroxide

solution, sodalite or the related cancrinite is

formed, depending on the conditions. The presence

of a variety of salts affects which of these products
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Figure 2.12

Kinetics of formation of NaC104:

sodalite
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is formed and also its chemical composition, since
they can enter the crystal lattice of either (see
Barrer, Cole and Sticher 1968, Barrer and Cole

1970, Cole and Villiger 1970).

The kinetics of the reaction are shown in figure
2.12. Barrer and Cole (1970) weighed the oxygen
released during thermal analysis of the reaction
mixtufe at various stages in the formation of

perchlorate sodalite, ie with ClO; replacing Cl~

in chlorosodalite.

From X-ray diffraction studies Barrer and Cole
(1970) showed that the kaolinite was attacked and
partly rendered amorphous in the first 2 hr whilst
sodalite begins to appear after 4 hr. After this
induction period a period of rapid growth ensues,
followed by slowing down of growth on exhaustion

of the nutrients.

Experimental procedure

The most successful synthesis of sodalite by this

method used the reactants in the proportions:
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2g kaolinite (English Clays Lovering Pochin and Co),
200ml 4M sodium hydroxide solution and 10g of the
chosen sodium salt. They were refluxed (about lOSoC)
and stirred in a polypropylene lined flask for
12-60hr. The product was filtered whilst hot, washed

with distilled water and air dried.

Activation studies

Introduction and apparatus

Sodalites grown at high temperatures, eg by sintering
and flux melt, if they are photochromic at all, are
active as grown. However, the materials grown by
hydrothermal methods are not, and require activating
by heating in a reducing.or inert atmosphere at

600-1050°C.

The apparatus used is shown in figure 2.13., It is

a horizontal tube furnace (Gallenkamp FS212), through
the tube of which passes a 32-33mm silica tube
(Thermal Sindicate Ltd, Vitreosil). The tube is
terminated by ground, silica cones and gas is led in
and out via ground pyrex 'Quickfit' sockets. The

silica~pyrex joint is adequate since these parts of
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the tube never become hot. The exhaust gas bubbles
through 2 Dreschel bottles, the second containing

silicone oil to measure the flow rate.

Procedure

Powdered hydrothermal sodalite was placed in a gold
foil container in a sintered alumina boat. After
removing the exhaust end pyrex socket, this assembly
was slid into the centre of the tube which had been
previously flushed with the required gas, at usually
90000, with a silica rod against the flow of gas.

The socket was replaced.

On completion of the activation, typically 30 min,
the downstream end socket was again removed, and the
boat slid further along, through the hot zone.
Simultaneously the silica tube was slid in the same
direction, taking the boat well out of ghe hot zome.
(The flow of gas is such that the sample is always
surrounded by it). The socket was replaced and the
sample cooled in the flow of gas. In addition
experiments were performed using oxygen and also

where the tube was left open ended, effectively,
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therefore, heating the sample in air. When cool,
the sample was tested for photochromism with an

unfiltered Hanovia 'Chromatolite' UV lamp (15w).

Effects of activation studies on photochromism - 'HT10'

The optimum conditions for most sodalites were found

to be 900°C for 30 minutes in an atmosphere of argon.
One type of material grown, designated HT10, was
produced from a hydrothermal growth mixture containing
sodium perchlorate at a concentration of 5 molar?% that
of sodium chloride. Because of the differences in.the
salt inclusion isotherms of NaCl and NaClO4 in sodalite,
however, the product would not be doped to the same
extent. These isotherms are shown in figure 2.14 and
Table 2.2 shows the theoretical maxima of NaX content

for the formula Na,Al_Si, 0., .2NaX.

6 6 7624
Table 2.2
included species theoretical
determined as Na salt maximum weight %
NaCl ) 12.0
NaBr 19.5
NaClO3 20.0
NaClO4 22.3
(1,0 14.5)

2
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The concentrations of NaCl and NaClO4 in this case

are 1.2M and 0.6M respectively and assuming the salt
take up is under thermodynamic control, reference to
figure 2.14 then table 2.2 gives that 0.65 of the Cl
sites are filled by Cl and 0.515 by 0104. The result
of normalisation of these fractions gives the fraction

of sites filled by Cl1~ = 0.558 and 0102 = 0.442.

Similar results are obtained for calculations with
chlorate ions in the system instead of perchlorate.
These figures illustrate the competition between the
chloride and perchlorate radicals and shows the

strong selectivity of sodalite for perchlorate (and
chlorate) over chloride and other halides. Also some
of the Cl sites will be occupied by OH ions and water

molecules.

An effort was made to determine the proportions of Cl,

Cl0, and H,0 or OH in the structure by differential

4 2
thermal analysis (DTA). In this, water and hydroxyl
groups leaving the lattice would cause absorption of
heat but decomposition of perchlorate groups would be

exothermic. The departure of the former could be seen

in the DTA trace but perchlorate decomposition could
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not be seen, even up to 1045°C.

Direct measurement of the distribution of groups in
the lattice was not very successful by this method,
but the proportions calcﬁlated seem reasonable since
HT10 is unlike both sodalite: Cl and sodalite: Cl_O4
in properties, eg its epr spectrum (chapter 4) and

activation. The distribution of groups is reconsidered

in chapter 3.

The optimum activation heating time for chlorosodalite
at 900°C is about 30 minutes; longer times reduce the
intensity of the photochromic response considerably.
Exposure of the material to air whilst above 450°¢
also reduces and eventually destroys the photochromism.
For the materials in which both C1~ and ClOZ are
present, viz HT10, the time of activation is not
particularly critical from 16 to 120 minutes and
activity is still shown after 4 hr at 900°C.
Furthermore, the activity is little affected by
activation in air or oxygen. This represents a

considerable advance as outlined below.
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Summar

The general procedure for growth and activation of
sodalites has been discussed. A novel hydrothermal
sodalite material has been described which can be
activated not only in inert atmospheres but also in
air or even oxygen. This is significant technologically
as the main use of soaalite is in cathodo- or photo-
chromic screens when it is applied by settling out
from suspension. The crystallites need to be of
uniform size and fairly regular in size (for rolling
and settling), and they are obtained in this form
from hydrothermal synthesis. From flux melt growth
and sintering the product is irregularly shaped and
of highly variable size. The material HTIO also
holds advantages industrially over other sodalite

materials as it can be activated more cheaply.
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STRUCTURAL INVESTIGATIONS ON SODALITE

Two techniques were used for investigations into the
structure of sodalite, namely, X-ray powder

diffraction and infra-red spectrometry.

X-ray powder diffraction

The microcrystalline products from each method of
growth, as grown and heat treated where appropriate,
were identified by Debye=-Scherrer X-radiographs. The
diffraction pattern shown in figure 3.1 was taken on

a 5.7cm diameter (180mm circumference) camera. In all
cases the sample used was a finely ground powder
suspended in gum tragacanth. The X~-ray equipment used
was a Philips PW1009/30, with a copper target and
nickel filter, run at 40kv and 20mA. The film was

Kodak 'Kodyrex' KD59T.

The line positions were as expected for sodalite with
a lattice constant of 8.872, this constant value
dependent on the dopants used, eg chloride sodalite
has a lattice constant (ao) of 8.8708 whilst for

bromide sodalite ao = 8.9412 and for iodide sodalite

ao = 9.016%.



- 83 -

Figure 3,1

X-ray powder diffraction pattern of a

typical sodalite
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The sodalites grown from kaolinite gave more diffuse
lines than those given by materials obtained by
growth using other methods, indicating that they
were less perfectly crystalline, which may explain

their lack of photochromic activity.

Infra-red spectrometry

Measurements were made using a Perkin-Elmer 457
infra-red grating spectrometer in the transmission
mode, scanning between 250 and l;OOOcm_1 (40-2.0pym).
The samples were made up as 'Nujol' (liquid paraffin)
and hexachlorobutadiene (HCB) mulls between sodium
chloride plates. Spectra were recorded on as-grown

and heat treated materials.

Results of structural studies

The infra-red spectra of all the sodalites grown,
which had been identified by X-ray diffraction, showed
the expected absorption peaks in the region of IOOOcm“1
common to all aluminosilicates and due probably to the
stretching modes of S:'LO4 and AlO4 tetrahedra (figure
3.2) (Milkey 1960). The absorption bands in the

600-800(:m_1 region are characteristic of the sodalite
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lattice and are due to bending modes in the lattice.
However, the similarity of these infra-red spectra to
others from naturally occurring minerals of the
feldspar group precludes them from being used to

determine whether the material is sodalite.

Since none of the sodalites prepared were totally
hydroxy-sodalites (even from hydrothermal synthesis),
heating them causes no collapse of the structural

unit, the halide or other substituent (perchlorate etc)
stabilizes the lattice (Taylor et al 1971). This fact is
illustrated in figure 3.3 which shows the low energy

end of the IR spectra of the material HT10 before and

after heating to 900°C in argon for 30 minutes.

There is a cut-off at 500 - 600(:m-l due to the IR
absorption band edge of the sodium chloride plates
supporting the mull. Most of the spectra shown have
had the absorption bands of Nujol and HCB removed,
but the spectra of these mﬁlling agents are shown

in figures 3.4 and 3.5.

The higher energy infra-red absorption spectra of the

hydrothermal sodalites in the 1600—4000<:m-1 range
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showed a broad band centred on 3450c:m-l due to the
water molecules in the lattice. No absorption bands
were observed from hydroxy groups. This observation
was contrary to expectations and to the findings of
Taylor et al (1971) who found OH bands at 3400c:m_l

and 3635cm-1 and ascribed them respectively to surface
adsorbed water molecules and hydroxyl groups located

within the sodalite cages.

It was possible using infra-red spectroscopy to
follow changes not only in the intrinsic sodalite
structure, but also to observe the effects of
substituents. Thus for HT10 in which some of the
chloride in the formula Na6Al6Si6O24 NaCl is replaced
by perchlorate (see below), one of the vibration modes
of the ClO; group can be identified at 1119c:m-l and

. appears as a peak superimposed on the stretching peak
of the aluminosilicate lattice (figure 3.6). ClOZ
also shows other peaks at 928, 459 and 625c:m-l
(Nakamoto 1970), but these were not seen in my
materials, probably because their oscillator strength

is lower. This peak at lll9cm-l also occurs strongly

in the 100% perchlorate material (HT1l) and the
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decomposition of the perchlorate groups on heating

can be followed by observing the amplitude of this
peak. Figure 3.7 shows the decay of the perchlorate
band after heating a perchlorate sodalite in argon

for various periods of time at 900°C. As the

chloride ion produced by the decomposition of the
perchlorate ion has no vibration mode, the simultaneous
increase of another band in the infra-red along with
the diminution of the perchlorate peak could not be
observed. Some disruption of the (Al,Si)O4 framework
can also be implied from the changes in the 1000cm ™
peak. The perchlorate peak changes lead to the
possibility of making a quantitative estimate of the
amount of chloride ion replaced by the perchlorate ion
in HT10, by considering the relationship of the area
of the 1119cm'-1 peak of ClO4 (Ape) to that of the
aluminosilicate lattice peak (Aas) in as-grown HT1O0
and HT11, assuming the extent of perchlorate in HTI1
approximates to 100%. The appropriate regions for

the two spectra are superimposed in figure 3.8.

After estimation of the true band shape (broken line
in figure) the respective ratios are (in arbitrary

units):
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HT11 Aas

571 Apc = 242

HT10 Aas = 427 Apc = 89

Then, the fraction of Cl  sites filled by ClO; in
HT10 is therefore 0.489. As there is at least 5%
error in these figures, taking them with those
calculated from the work of Barrer and Cole (1970)
who grew sodalite from kaolinite, these results
justify the assumption made in section 2.5.3 that
the salt take up of the product is under thermodynamic
control rather than that of the starting materials.
It may also be noted that the occurrance of the
perchlorate peak at 1ll9c:m'-l signifies that the
rédical is present as ClOZ, as one might expect from
the stability of this radical and the lattice charge

balance.

The 1119cm-1 peak cannot easily be oBserved in any of
the spectra other than the as-grown material. This
result suggests that at 900°C, decomposition of the
perchlorate group is rapid. Thus if a sample of
perchlorate sodalite is heated for 4 minutes at a
sefies of temperatures between 400 and 900°C,
significant decomposition appears to occur at 400°¢

(figure 3.9), and total decomposition occurs above
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this temperature. This result was not expected since
pure crystalline KClO4 decomposes at about 520°C and
one would expect an 'encapsulated' salt to do so at
a higher temperature as was found by Barrer and Cole
(1970), who did not observe decomposition of
perchlorate groups in sodalite grown from kaolinite,
until approximately 650°C. The spectra also show
disruption of the sodalite framework which seems to

reorder after heating at the higher temperatures.

The aluminosilicate lattice bending modes between

600 and 800cm © are modified in HT11 (ClO,: sodalite),

4
though much less in material HT10, and not at all in
unsubstituted materials. This effect is shown in
figure 3.10 and is probably due to distortion of the
bending modes by the large concentration of perchlorate
groups. The materials also show this effect on
heating, although heating‘for a long period up to

8 hours at 900°C produces materials which show bands
nearer the 'mormal' shape. This observation suggests
that the bending modes are distorted by CiOZ groups

and also possibly by the product of the decomposition,

oxygen. When these groups have left the lattice, the

distortions in the lattice can be annealed out.
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4 ELECTRON PARAMAGNETIC RESONANCE (EPR)

4.1 Introduction

4,1.1 Paramagnetism and the resonance phenomenon

Any spinning or rotating charge behaves like a magnet
with its poles along the axis of rotation;

consequently electrons in atoms and molecules act

as magnetic dipples with a tendency to align themselves
in the direction of an applied magnetic field. Very
few stable molecules are paramagnetic because,

whenever possible, the electrons tend to produce

closed electron shells or pairs with opposed spin so
that their magnetic dipoles cancel. Some compounds

do exist which contain odd numbers of electrons,

eg NO, NO,, or whose molecule contains an even number

2
of electrons, some of which have parallel spins,
eg 02; in such molecules there i1s a net magnetic
moment and paramagnetic properties can be observed.
Paramagnetic phenomena caused by the presence of

unpaired electrons are more striking and diverse in

the ions of the transition metals and in free radicals.

There are two main methods for studying paramagnetic
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materials. The first involves measurements of bulk
paramagnetic susceptibility and is based on
measurement of the restoring force needed to maintain
the orientation of magnetic dipoles against the
disordering effect of thermal motion. It is not
selective but relates only to the average over all
the magnetic species in the sample. More recently
the technique known as electron or paramagnetic
resonance, electron paramagnetic resonance (epr) or

electron spin resonance (esr) has been introduced.

Quantum theory shows that electrons can possess
angular momentum only in integral multiples of a
basic unit or quantum. It follows, therefore, that
the associated angular magnetic moment must also be
quantized, leading to a finite number of possible
orientations with respect to a magnetic field. Each
orientation represents a discrete energy level, and
transitions between these levels may be induced,
under appropriate conditions, by interaction with
electromagnetic radiation. For a single unpaired
electron there are only two possible orientations,
with the axis of the magnetic dipole parallel or

opposed (antiparallel) to the direction of the applied
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magnetic field; the transition between them can be
envisaged as the electromagnetic field reversing the
direction of the magnetic dipole and hence the spin
of the electron. When this occurs, there is an
absorption of energy from the radia£ion which can

be observed.

For a large number of species with a single unpaired
electron, the frequency V of the electromagnetic
radiation which causes transitions is related to the
magnetic field H acting on the sample by the
equation 4.1

hy = gfd 4,1
where h is Plank's constant, B is the Bohr magneton

(a factor for converting angular momentum to magnetic

9.2732 x 10~ 244w L

moment which has the value eh
2m ¢

e
where e = electronic charge, ©h = Eﬂl’ me = electronic

rest mass and ¢ = speed of light) and g is a numerical

factor, often approximately 2.

It is necessary to consider two results arising out
of group theory: the Jahn-Teller theorem which states
that any non-linear molecule with an orbitally

degenerate ground state is unstable and tends to
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distort in order to remove this degeneracy. Nothing
. in the elementary theory, however, tells us the
direction of the resultant distortion, though this
can often be deduced from spectroscopic data.
Kramer's theorem states that if a system contains
an odd number of electrons, a purely electrostatic
field (such as encountered within an unconstrained
crystal or molecule) cannot reduce the degeneracy of
any level below two. Each degenerate level forms
what is known as a Kramer's doublet, separable only
by a magnetic field. Thus, one can, in principle, "
always observe electron resonance in such systems.
Conversely, in a system with an even number of
electrons, the degeneracy of the lowest orbital
triplet or quintet may be removed by the crystal
field, and the levels separated even without applied
external magnetic field, an effect called zero-field
splitting which is dealt with more fully in section
4.2.4. Electron resonance may or may not be seen
depending on the extent of the splitting and the

same factors as for the degenerate case (section 4.2.6).

4.2.1 Magnetic energy levels and the g-factor

The resonance phenomenon is shown in its simplest
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Figure 4.1

Magnetic (Zeeman) energy levels for a single
unpaired electron (S =-%) as a function of

magnetic field
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form by a set of non-interacting paramagnetic ions
each possessing a single unpaired electron which has
2 possible energy states with MJ (magnetic quantum
number) = M_ (spin quantum number) = ¥ %. The two
levels are degenerate, but are split by an applied
magnetic field as shown in figure 4.1. In this

case the g-factor or spectroscopic splitting factor
represents the rate of divergence of magnetic energy
levels with field. For commonly used fields (around
3400 gauss) the energy separation of the states
corresponds to electromagnetic radiation of 9-10GHz

in the microwave region.

In thermal equilibrium, the lower level is more
densly populated than the upper levels and, since
the transition probabilities in each direction are
equal, there is a net absorption of energy

E = gBH = hv . The interaction which causes
the transition is between the magnetic dipole of
the electron and the oscillating magnetic field

intrinsic to the electromagnetic radiation.

In practice the situation is often less simple; the

g-value may be anisotropic, orbital angular momentum
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may influence the transitions observed, and a

multitude of lines may be seen due to other magnetic

nuclei close to the electron, or to the system

having more than one unpaired electron.

These factors are discussed in following sections.

4.2.2 The Hamiltonian approach

A common approach to quantum mechanical problemé is
to express the interactions affecting the electronic
energy levels in terms of Hamiltonian operators.
When applied to the time-dependent Schrodinger
equation this method yields eigenvalues which are
the permitted energy levels, and, if the applied
oscillating magnetic field is included, the relevant
transition probabilities. The mathematics for this
general approach is difficult, and perturbation
theory is normally used. In this approach firstly
the strongest interaction only is considered and
applied to the wave equation to obtain the permitted
energy levels. The next strongest interaction is
then considered as a perturbation of the first, and

so on. This procedure is valid only if the successive
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interactions differ in magnitude by at least omne or
two orders of magnitude. With occasional exceptions

this is the case in epr studies.

The general Hamiltonian, ( X ), for a species in a
crystalline environment is:
)(=)(E+)(LS+)(SI+)(Q+)(V+)(SH+)(IH 4.2
where the symbols have the fgllowing significance:
i )(E is a composite term expressing the total
kinetic energy of the electrons, the coulombic
attraction between the electrons and nuclei and

the repulsion between the electrons

p? 2 2

HKg=3% CL - 2 + 5§ & 4.3
i 2m T, ij r..
i ij

P; is the momentum of the ith electron and r,
its distance from the nucleus. rij is the
distance between electron i and electron j and
Z is the nuclear charge. This equation gives
energy levels with separations of the order of
105c::m'-1 and normally only the lowest need be

considered in epr work.

ii )(LS represents spin orbit coupling and takes

the form
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Hig = ALS bols
if we consider only terms derived from the ground
state from equation 4.3 where L and S are the
free ion values of the orbital and spin angular
momenta of the electrons and A is the spin-orbit
coupling constant with units of energy. The
magnitude of this interaction is generally

between 102 and 1O3cm-1.

)(SI includes the magnetic interaction be;ween
each electron and (magnetic) nucleus and is

given by

)-(SI = § aijiIi 4.5
where ji is the total angular momentum of the ith
electron and Ii is the nuclear spin. This
interaction gives rise to the nuclear hyperfine
levels (and their associated hyperfine lines).

a; is the hyperfine coupling constant (in

frequency units).

The hyperfine levels have a separation of the

order lO-zcm-l. (see also section 4.2.5)

X . is the nuclear quadrupole term. These

Q

interactions are smaller than those above (about
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10_4cm_1) and are commonly neglected. For
nuclei with spin I greater than % they shift

the hyperfine levels to a small extent.

The effect of the crystal field is described by

Hy = TeyViry) .0
i

where V(ri) is the electrostatic potential at the

ion with which each electron interacts. Simple

perturbation theory may not be applicable in

many cases for this term, since the magnitude

of the crystal field varies widely between

different crystals etc.

In an external magnetic field (Ho) the last two

terms must be added.

}(SH gives the interaction of the angular
momentum of the electrons with the field whilst
)(IH gives the interaction of the nuclei with the
field, having a magnitude of about 10“‘4c,m"1 and
may be neglected except when considering second-

order effects in the nuclear hyperfine interaction.
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4,2,3 The spin Hamiltonian

The effect of an external magnetic field on the
energy levels of paramagnetic species, after taking
into account the crystal field and spin orbit
coupling, can be expressed in terms of a g-factor
with the same symmetry as the combined crystal field
and Jahn-Teller distortion. Thus, the terms in the
general Hamiltonian }(E, )(LS, )(V and }(SH can be
replaced by a single term

-BH_.g.5 = —B%%Hi.gij.sj 4.7
é is a 3 x 3 symmetrical tensor of the second order,
and S is the effective spin. 1 and j each take the
values x, y and z. Fortunately, the off-diagonal
elements of the tensor are generally very small, and
may be neglected except for the most refined analyses,
thus Bax = 8y By T gy and &,, = 8, giving for a

XYy
non-symmetric system.

- A
BH_ .g.5 = p(gxﬁxéx +g W B+ g i 8) 4.8
where gx’ gy and gz are components of the effective

spin along the x, y and z axes. For a system with

axial symmetry

BH_-2-5 = Bgyu,5, + Bg (1,8, +88) 4.9
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where %7 and %L are the components of the g-tensor
respectively parallel and perpendicular to the field
applied along the z axis. The resultant spectra and
their first derivatives are shown in figure 4.2 for
cubic, axial and rhombohedral (and below) symmetric
cases; the positions for measurement of the g-factors
are indicated. The precise shapes of spectra
measured experimentally are governed by several

other factors and these are discussed further in

section 4.2.6,

The remaining terms of the general Hamiltonian are
then )(Q and )(IH which are negligible in the
present context, and )(SI, which further splits the
levels obtained from the spin Hamiltonian into
nuclear hyperfine levels, is dealt with in section

4.2.5.

Fine structure: zero field splittings

There are many paramagnetic species with more than

one unpaired electron and thus have in their ground
state total spin S greater than %. Application of

a magnetic field will split the ground state into

2S5 + 1 magnetic levels. Transitions will occur

L}
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Energy levels for a system with spin S = % and no

zero-field splitting, and its epr absorption signal
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e

Figure 4.4

Energy levels for a system with spin S = % with
zero field splitting less than hV . There are 3

epr peaks, unequal in spacing and intensity

ol
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between these levels according to the selection
rule AMS (the spin quantum number) = . This
simple model is shown in figure 4.3 for a system
with spin S = %; all the transitions occur at the

same frequency and a single line would be observed.

In general, however, paramagnetic species are studied
in crystals where they are subjected to electrostatic
fields. The crystal field alone can remove the
degeneracy of the ground state within the limitations
of Kramer's theorem giving rise to zero-field
splitting (D). The situation for this system is
shown in figure 4.4, again for a species with S = %.
Here, transitions for which AMS = -'-l can be at
different fields with constant frequency or
~conversely at varying frequency with constant field.
These multiple transitions lead to fine structure

in the'absorption lines which need not be equally
spaced or of equal intensity. Their relative
positions will be dependent on the orientation of

the crystal in the magnetic field since the crystal
field has a symmetry which depends upon the symmetry

of the crystal.
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E =~ gBH + %Dz

(high field)

Figure 4.5

Energy levels for the Fe042- ion in K2Cr04,
with H parallel to the z axis. Note high

field approximation
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Since the magnitude of the zero-field splitting
varies considerably, it is important to consider
its magnitude in relation to the energy of the

1

microwave radiation (in this study about 0.3cm

in the X-~band).

A zero-field splitting less than the microwave
energy will not in itself prevent observation of

epr transition; the FeO4 ion in a KZCrO4 lattice
is a system of this type, having D = 0.050m-l.
Figure 4.5 shows the situation for the ferrate (VI)
ion with the applied field parallel to the z axis.
Several cases also exist, however, for which the
zero-field splitting is greater than the energy of
the microwaves, so no eﬁr absorption is observed.
A system of this type is the V3+ ion with a 3d2

configuration, in which the zero-field splitting

is 8cm-1.

So far we have been discussing single crystals,
where the position and intensity of the signal is
dependent on the direction of observation, because
of anisotropy of the crystal field. 1In the case of

fine powders, however, with which most of this study
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is concerned, the observed spectrum consists of

- the lineshapes obtained from all the crystallite

orientations contained in the powder, superimposed.

4.2.5 Nuclear hyperfine splitting

If either the nucleus of a paramagnetic species or
the nuclei surrounding it possess a resultant
angular momentum and therefore a magnetic moment,
an interaction with the electronic magnetic moment
can occur to produce additional energy levels which
give rise to transitions observable as h&perfine
structure. The nuclear spin is quantized and, in

a magnetic field, for a nucleus of spin I, there

will be 2I + 1 values of M_, the component of I

I,
(the nuclear magnetic moment) in the direction of
the field, With Values I, I - l’ eosss0 ey ~ I,

analgous to the situation of a free electron in a

magnetic field.

Under the usual epr conditions, ie for strong
magnetic fields, over a few hundred gauss, the
interaction of a nucleus with the field is
considerably smaller than that of an electron and

the nuclear spin is unaffected by the oscillating

\
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Figure 4.6

Energy levels for a system with electron spin
S = % and nuclear spin I = %, as a function of

magnetic field.

The epr absorption peaks are of equal intensity
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field of the microwaves; thus the nuclear and
electronic angular moments are independently
quantized and the selection rule for electron

resonance transitions involving nuclear hyperfine

+

interaction is MS = -1, MI = 0, The energy levels

1

L and I = 2

% are shown in

of a system with S
figure 4.6, as a function of magnetic field. Since
the population difference between the nuclear levels
is extremely small, eg less than 3ppm at 300°K, all
nuclear spin orientations are very nearly equally
probable, and the resonance lines are of equal

intensity.

When more than one nucleus interacts with an
electronic spin, each electronic level is initially
split into ZIi + 1 levels by nucleus i; each of these
levels is further split into ZIj + 1 levels by
nucleus j, and so on. The total number of energy
levels for a given value of Ms is (21i + 1)(ZIj + 1)
(ZIk + 1) etc. Since tramsitioms occur without
change in nuclear spin quantum number, this is also
the maximum number of observable epr lines; however,
some of the interacting nuclei will be magnetically

equivalent, ie their hyperfine coupling constants
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Nuclear magnetic energy levels for radicals
with 1, 2, 3 and 4 equivalent protons, showing
the degeneracy of each level

Epr spectrum of the benzene mono-anion C6H;
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are identical. Examples of this would be a number
of organic radicals containing magnetically
equivalent protons (I = %). Each interacting
proton causes a doubling of the numbér of hyperfine
energy levels, so for n protomns, the maximum number
of levels is 2n, but if all are equivalent, there
are n + 1 levels (figure 4.7a). The degeneracies
of the hyperfine levels represent the relative
intensities of the transitions originating from
each. Figure 4.7b shows the epr spectrum obtained
by interaction of an electron with the six
magnetically equivalent protons in the benzene
negative ion C6H;; there are seven lines with

relative intensities 1:6:15:20:15:6:1.

In general, for an unpaired electron interacting
with n magnetically equivalent nuclei of nuclear spin

I, there will be (2nI + 1) epr lines.

The electron-nucleus interaction occurs by two
different mechanisms. The first mechanism is a
classical interaction of two dipoles (iis and Kt
separated by a distance r). The combined spin and

orbital angular momenta of the electron set up a
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field at the nucleus which depends on their
separation and the shape of the orbitals. The
magnitude of the interaction depends on the angle
between the radius vector (the line joining electron
and nucleus) and the external field; it is therefore
directional and is called the dipolar or anisotropic

hyperfine interactiomn.

The second form of interaction is known as the Fermi
or contact interaction and is nomn-classical, depending
on the presence of a finite unpaired spin density-
at the position of the nucleus. Thus, only O or

s orbital electrons can show it since p, d and £

etc orbitals have nodal planes through the nucleus.
It can be used for finding the amount of s-charécter
of a particular electronic state. This interaction
is isotropic and does not depend on the applied
field direction. Thus, the isotropic hyperfine
interaction in the lattice of single crystals is
retained in fluids, polycrystalline powders and
glasses whereas the anisotropic components which
also contribute fully in the lattice may be averaged
to zero by the paramagnetic species reorientating

sufficiently quickly in a fluid or by the
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multiplicity of fixed orientations they can assume
in the powder or glass. Hence, for disordered

states, only isotropic interactions are important.

The nuclear hyperfine Hamiltonian term can now be

combined in the spin Hamiltonian as
n
Hgp = E hS.ui.Ij 4.10

where T, is a tensor representing the coupling
between the electron and nuclear spin angular
momentum vectors of n nuclei of spin Ij. If onlyu
isotropic interactions are considered then this

term becomes

haS.TI 4.11
where a is the isotropic hyperfine coupling constant
and replaces -Ui.Of equation 4.10. a is a scalar
quantity related to the unpaired spin density at the
nucleus (pz(O) by equation 4.12

a = -(3T0 /g 8:Bpy | 4 2(O)] .12
&1 and BI are the nuclear g-factor and magneton

respectively.

Ignoring any nuclear quadrupole interactions ( ){Q )
and contributions from direct interactions of the

nucleus with the magnetic field ( )(IH ), to a
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reasonable approximation the spin Hamiltonian
beccmes

X = -gBs.Ho + has.I 4.13
and now represents the éomplete general Hamiltonian

subject to the assumptions discussed above.

It is important to note that the hyperfine splitting
is independent of the frequency of observation,
which means that nuclear hyperfine interaction can
be distinguished from the effects of differences in

g-factors.

Line shape and relaxation

The population excess of the ground state (MS = %)
over the upper state OKS = 4+%) for a single spin
system is very small; at'300°K, for g = 2 in a
magnetic field of 3000 gauss, from the Boltzmann
distribution function

E hy
n+1/n_% = exp (- %’f ) = exp (- T )

]
H H .
= exp (- %%— ) =1 - ﬁ%— (since gfH <<kT) 4,14

%,14 = 0,9986., The excess population is thus about

0.07%, and the epr phenomenon depends on this small
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difference. Since the transition probability in
either direction is equal, the two levels would
quickly become equally populated and absorption of
energy would cease. There are relaxation processes,
however, which allow the electrons in the upper
state to dissipate energy and return to the lower
state; specifically we are concerned with spin-
lattice relaxation. This is an interaction between
the unpaired electron and its environment, which
is called the lattice whether it is crystalline,
'amorphous' or fluid; the energy is dissipated by

vibrations and rotations of the atomic environment.

The existence of the relaxation process has two

other consequences. Fifstly if it is too slow,
saturation of the spin system can occur, ie the
population difference between the spin states
diminishes and the rate of absorption of energy,

which depends on this factor, also diminishes.
Secondly, the lines.may be broadened because of the
Heisenberg uncertainty principle, since any reduction
in the lifetime of the upper state, by fast relaxation,
acts to broaden the resonance

ie E.At =~ h/2t or Av ~ I{ﬁAt_ 4,15
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Lorentzian

Gaussian

Figure 4.8

Lorentzian and Gaussian lineshape functions normalised

to the same amplitude and width at half amplituae
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Spin-lattice relaxation or lifetime broadening
usually gives a Lorentzian lineshape, which is one
of the most commonly considered basic lineshapes,
Lorentzian and Gaussian, which are represented
respectively by the functions

A
0

= 4,16
L 1+ a’ (, - 1) 2

_ 2 2
and A, = Ao exp (-b (HO - H)Y) 4.17

and are superimposed in figure 4.8. The broadening
may be homogeneous or inhomogeneous. The former,
which includes lifetime broadening can also be
produced by spin-spin or dipolar interactions in
which each magnetic species produces a magnetic
field at each of its neighbours. Transitions,
therefore, occur over a range of frequencies
corresponding to the variation of the local field.
This effect normally gives a Gaussian lineshépe. It
can be much reduced by increasing the separation of

the spins, ie by diluting with a diamagnetic species.

The effect of spin lattice relaxation can be reduced
by lowering the temperature of observation, thus the

line widths at room temperature of some rare-earth
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ions is so great as to make resonance unobservable,

but at 20°K or 4°K they can be observed.

Inhomogeneous broadening can be due to poor uniformity
of the magentic field, resonances from different

parts of the sample occurring at apparently

different fields, but this is not common.

Inhomogeneous broadening also results from inhomoéeneity
in the crystal lattice and from unresolved fine or
hyﬁerfine structure. e

J

Equipment and procedure

Basic features of epr spectrometers

It is clear from sections 4.1 and 4.2 than an epr

spectrometer is essentially

i a source of microwave radiation of constant

frequency and variable amplitude,

a means of applying this to the paramagnetic

.
|

sample, .

iii a means of measuring the power absorbed from

the field, and
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sample axis

(b)

coupling iris
screw

magnetic
field

Figure 4.9

Resonant cavities
a Transmission type

b  Reflection type
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iv a homogeneous but variable magnetic field

For several reasons, mainly historical, most
spectrometers use a microwave frequency of 9-10GHz
or 3cm wavelength, which is in the X-band where the
magnetic field required for samples with g = 2 is
about 3300 gauss. The usual source of radiation

is a klystron valve with some form of automatic
frequency control giving microwaves which are
transmitted along a waveguide, usuélly of rectangular
sectlon brass or copper tubing of dimensions
appropriate to the radiation wavelength, via
attenuators, phase shifters etc, to the resonant
cavity which houses the sample. The cavity is in
effect a blanked off section of waveguide with ultra
flat walls plated in gold or silver to produce a
highly conducting, corresion free surface to the
skin depth. Cavities are of two types, transmission
types with a small hole in each end wall to transmit
power in and out, and the more common reflection
type which only requires one hole (figures 4.9).

The power entering and leaving the cavity is
controlled by a coupling iris, and when properly

matched, no energy reflects back from the cavity.
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Low temperature silica sleeve
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Absorption is generally detected by a semiconducting
crystal detector which rectifies the microwaves to

give direct current.

The most general means of producing the field is by
means of an electromagnet since fields from zero to
tens of thousands of gauss may be required. A large
increase in sensitivity can be obtained by modulating
the magnetic field sinusoidally and feeding the
resultant output into a phase sensitive detector.

The signal obtained in this way is plotted by a pen
recorder or on an oscilloscope and is displayed to

give the first derivative of the absorption line.

Experimental equipment

The spectrometer used was a Varian E =12 with an
electromagnet producing fields up to 15 kgauss and

a klystron which could deliver up éo 200 mWatts in
the X-band. The cavity was of the reflection type,
used in the H102 mode with accessories including a
silica, dewar-sleeve type sample holder through
which temperature controlled nitrogen (-170°%¢ -
+200°C) could be passed (figure 4.10) and a rotating,

graduated chuck to take rods on which single crystals
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Figure 4.11

Low temperature epr sleeve in cavity,

between magnet poles
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could be mounted. The magnetic field modulation
coils are embedded in resin in the walls of the
cavity. Powder and liquid samples were placed in
the cavity in fﬁsed silica tubes (ID = 3mm); most
glasses are not suitable since they normally contain
paramagnetic ions. A photograph of the magnet poles
with the resonant cavity and silica sleeve in

position is shown in figure 4.11.

The limiting sensitivity of the system is about

lO12 spins.

Epr results

Introduction

Epr spectroscopy is used in this study to test
various hypotheses as to the nature of the electron
donor centre. In this section we are concerned with
the more fundamental results in elucidating the
nature of this cent?e. However, other measurements
will be mentioned in Chapter 5 as they become

relevant to the discussion.
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13 line F-centre epr signal in coloured sodalite
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The coloured state

Sodalite after irradiation with UV or bombardment
with electrons is coloured magenta and shows an
electron resonance consisting of 13 lines (figure
4.12), first observed by Hodgson et al (1967).

The lines of the resonance are the result of
hyperfine interaction of a single unpaired electron
with four nuclei of spin % in a site with cubic
symmetry. The theoretical intensity relationships
of the lines for this interaction is 1:4:10:20:31:
40:44:40:31:20:10:4:1, in good agreement with the
observed ratios. Examination of the sodalite
structure reveals that the site which satisfies
these requirements is the halide vacancy, which is
at the centre of a tetrahedron of sodium nuclei
(Na23, I = %, natural abundance = 100%). The
photochromic sodalites investigated in this work

all showed the characteristic 13-line epr spectrum

in their coloured state.

~Pre-radiation state

Epr spectra of all the sodalites studied were

obtained from the uncoloured material and some
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Figure 4.13

Epr spectra of

as grown undoped hydrothermal sodalite

activated undoped hydrothermal sodalite

flux melt sodalites, and

a0 oUTop

sodalite grown from kaolinite
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Figure 4.14

Epr spectra of sodalite HT10

a
b

c

heated in argon at 900°C for 11 hr
as a + UV irradiated for 2 hr

as a + UV irradiated for 7 hr
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Figure 4.15

Epr spectrum of a typical hydrothermally grown
sodalite between 0 and 6500G, showing large
ferromagnetic impurity signal with the smaller

three line signal superimposed
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typical spectra are shown in figure 4.13, for
as-grown and activated, undoped materials grown by
hydrothermal techniques, sodalites grown by flux
melt techniques and those grown from kaolinite.
Clearly in each case the salient features are the
peaks marked A, B and C with g-factors of about
2,065, 2.017 and 1.930 respectively. Irradiation
of these materials with UV results in the lines A
and C breaking up and eventually disappearing as
the red colouration develops, whilst the F-centre
type signal mentioned above begins to dominate the
pattern (figure 4.14); at the same time the line B
becomes difficult to detect. It can be identified
by eliminating the F-centre lines, since these lines
arise because of hyperfine interaction and are

equally spaced.

4.4.4  Ferromagnetic impurities

For many of the materials studied the epr spectrum
showed a broad resonance line centred on about

g = 2.23 with Wy (full width at half height) of
about 800 gauss (figure 4.15). Lines of this type
are characteristic of ferromagnetic materials and

the fact that it is not observed in all samples
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Figure 4.16

Epr spectra at various temperatures of flux melt

sodalite LV16
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indicates that the ferromagnetic species is
sometimes present as an impurity. The photoactive
centre, ie that giving rise to signals A and C,
gives rise to a much less intense signal than that
arising from the ferromagnetic impurities, being
only about 5-10% of the intensity. It appears that
the photochromism is unaffected by the presence of
the broad band and hence of the ferromagnetic
impurity. This band was not studied in detail
though some flux melt materials were grown with

iron and nickel impurities.

4.4,5 Variable temperature studies

The epr spectra of a flux melt sodalite, taken at
temperatures between -174°¢ and 120°C are shown in
figure 4.16, normalised to the same receiver gain.
Figure 4.17 shows log of the relative peak heights
plotted against temperature. Peak size decreases
approximately linearly with increasing temperature,

due to increasing spin lattice interactions.

It was observed that the incidence of photochromic
activity in sodalites at liquid nitrogen temperature

(77°K) was very slow compared with the room
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Figure 4.18

Epr spectra of partially perchlorate chlorosodalite

a As grown

b  After heating at 900°C in argon for % hr
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temperature activity, which, taken in conjunction
with the variation of intensity of epr signal with
temperature, suggests that the formation of the
colour centre involves a phonon assisted relaxation
from an excited vibration state. This observation
will be discussed further with reference to

configuration co-ordinate diagrams in Chapter 5.

Lob,6 Perchlorate sodalites

The hydrothermally grown materials HT11l (Na6Al6Si6

0242Na0104) and HT10 (Na6Al6Si60242NaCl(C104)) both

gave electron resonance signals as grown.

HT10 which as mentioned in Chapter 2 is photochromic
when activated in air as well as inert gas, gives
the 'normal' epr lines found for undoped sodalites
in the as~-grown state and after acﬁivation in argon
or air (figure 4,18). The same pattern persists
even after heating the material for eleven hours in
argon or air at 900°C, and irradiation with ultra-
violet of any of the material which has been heated
to 900°C in argon or air for more than a few
minutes produces the F-centre 13-line epr signal

together with the original sharp peak B (figure 4.18).
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Figure 4.19

Epr spectra of material HTI11

a As grown (microwave power 20mW)

After 16 minutes at 900°C in argon
(microwave power O.2mW)
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(a)

(b)

Figure 4.20

Epr speétra of HT11 heated to 900°C in argon

a for 2 hours

b for 4 hours
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Figure 4.21

Epr spectrum of HT1l heated to 900°C in argon
for 8 hours

The ordinate scale is % those of figure 4.20;

the signal is therefore much weaker
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Figure 4,22

Epr spectrum of naturally occurring sodalite

from the Kola peninsula, USSR
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The HT11l as-grown epr signal on the other hand
consists of a single symmetrical line centred on

g = 2,017 (figure 4.19). Heat treatment of the
material at 900°C for less than about 30 minutes
causes the signal strength to increase dramatically
and become asymmetric. However, on heating for
longer periods in argon, air or oxygen, the more
complex three line signal gradually develops (figure
4.20), though the products from long periods of
heating have only a relatively weak signal B (figure

4,21).

Other sodalite materials

Several other sodalites were studied by epr
techniques; two were grown by Bye (1970) whilst
others were naturally occurring photochromic
sodalites from Burma, India, Canada and the USSR

kindly donated by the Geological Museum.

A typical spectrum from the natural mineral is
shown in figure 4.22, given by hackmanite from the
Kola peninsula, USSR. Whilst peaks A and C are

present, there is a triplet in place of B.
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(b)

Figure 4.23

Epr spectra of sodalites hydrothermally grown
by Bye (1970)

a As-grown, undoped, crushed crystals

b  Selenium doped powder, fired in hydrogen
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The sodalites grown by Bye gave different spectra
(figure 4.23). An undoped powder made by crushing
single crystals had a normal three-line spectrum,
with the B line slightly broadened whereas a
selenium doped material fired in hydrogen gave a
two line signal, similar to the signals given by

the sodalites of Hodgson et al (1967).

Discussion: epr

Since the colour of photochromic sodalite arises
from an electronic transition of a trapped electron
in a centre similar to an F-centre, one of the
following possible mechanisms of the photochromism

is indicated, where P = a paramagnetic centre,

D = a diamagnetic centre, Vx = a vacancy at an

x atom site and F = the F-type centre

D + Vg, . P+ F 4.18
uv
D(I) + ZVCl —_— D(II) + 2F 4,19
X uv
P(S = %) + Voy —> D? + F 4.20
P(S = s) + nVCl uv P(S = s-n) +nF 4.21

Another mechanism appears to be possible

FT o+ v W o 4,22

Cl
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but this mechanism is a special case of 4.18.

The three line epr signal obtained with most of the
materials studied in the as-grown or activated states,
which, on irradiation with UV, gives the thirteen
line spectrum of the F-centre plus the central line

B, suggests:

1 that the source of the trapped electron is a

centre which also gives rise to lines A and C, and

2  that this electron source centre is paramagnetic,

ruling out mechanisms 4.18 and 4.19 above.

One source of the electron which has been suggested
is an iron species but this can now be eliminated as

the direct source on two counts:

1 the high purity sodalites grown by Bye (1970)

which were photochromic, and

2 large signals were observed in the epr spectra
of some sodalites, from ferromagnetic impurities
(figure 4.15) which were most probably due to
iron or possibly nickel. Either of these

impurities could have entered the materials



- 154 -

during growth from the autoclave.

The ferromagnetic type signals were invariant under
UV irradiation, whilst the lines A and C diminished
and eventually gave way to the F-centre signal. The

ferromagnetic species is not, therefore, photoactive.

The epr spectrum of selenium doped, hydrothermally
grown sodalite activated in hydrogen, was found to

be similar to the epr signals given by the materials
prepared by Hodgson et al (1967). However, for most
of the sodalites in this study the three line spectrum
of figure 4.13 is obtained. Together these facts
suggest that more than one mechanism can cause
photochromism in sodalite, agreeing with Bye (1970).
In this study the active centre of interest is the

one responsible for the signals A and C of the three

line signal.

It is probable that the source of electrons in heat
treated HT11l is the same as for the majority of

other sodalites in this study, ie the centre which
gives rise to epr lines A and C. The signals from

it are relatively weak, however, compared with the
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Figure 4.24

Epr spectrum of HT1l heated to 900°¢C

in O2 for % hour
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very strong g = 2.017 line and expansion of the
ordinate scale does not help since the very strong
line blots out any signals in the positions of A
and C. They can just be seen, nevertheless, in

figure 4.24.

The spectrum of a sodalite grown from kaolinite
(figure 4.13d) shows considerable broadening as
compared to signals from sodalite materials grown
from other methods. This observation is explained
by X-ray powder diffraction which shows that the
sodalites prepared by this technique are poorly
crystallised, which causes broadening of the signal
from inhomogeneities in the environment of the

centre giving the signal.
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PHOTOCHROMIC ACTIVITY IN SODALITES

Introduction

In Chapter 4 the possibility that the donated
electron giving rise to photochromism came from an
iron species was shown to be false. Ballentyne and .
Bye (1970) from optical measurements on high purity
sodalite cast definite doubts that the source of

the electron was a sulphur centre but it was
suggested that divalent anions in chlorine sites
could both cause more chlorine vacancies ('latent'
F-centres), and be the electron source for
photochromic activity. For the sodalites grown in
this study, this situation only exists if the same
divalent paramagnetic anion is formed in the presence
of a wide variety of dopants and growth media which
seems unlikely. Sulphur centres can also be
eliminated as being the photoactive centre since the
epr signal from this centre is considerably smaller
in sulphur doped (as sulphide), flux-melt sodalite
than in a non-sulphur doped one with comparable

photochromic activity (figure 5.1).
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(b)

Figure 5.1

Epr spectra of flux-melt grown sodalites as grown
a undoped

b  sulphur doped

The signal in (b) appears to be slightly stronger,

but the microwave power used to produce it was a

factor of 10 greater than for (a)
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In an attempt to elucidate the parameters of the
photoactive centre, theoretical lineshapes were
calculated with the aid of the CDC 6400 computer
of the Imperial College Computer Centre. The
programs used are described below but the relevant

results are introduced as appropriate.

Computer simulation of epr powder spectra

Two programs for calculation of epr spectra were
obtained from the chemistry department of Imperial
College, and, after some modification, were suitable
for the purposes of this study. The programs were

called SHAPE 5 and SPINGT%.

SHAPE 5

This program can be used to calculate the lineshapes
given by paramagnetic species in powders and glasses.
The calculation is performed using the procedure of
Kneubiihl (1960) and the following assumptions are

made:

1 electron spin of the paramagnetic species S = %,

ie one unpaired electron
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2 the paramagnetic species are randomly orientated

throughout the powder or glass
3 mno hyperfine splitting is present

4 the only broadening considered is that due to

anisotropy of the g-factor.

The procedure can be extended to mobile liquids by

including the effects of Brownian motion.

The parameters fed into the program as data for the
Kneubithl part of it are g-values, linewidths,
microwave frequency and the idealised line shape to
be used (Gaussian or Lorentzian). The line positiomns
are first calculated, hyperfine shifts, also fed in
as data, are applied to them, and they are then
convoluted according to the shape function to give

practical spectra. The program is shown in Appendix I.

The experimental spectrum, which is introduced in
the data, and the computed curve are normalised and

plotted superimposed.
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SPINGT%

The listing of the SPINGT% main program and
subroutines is given in Appendix I. The program
calculates electronic energy levels of the ground
state of paramagnetic species from parameters fed

in as data to form a spin Hamiltonian ana plots out‘
their epr powder spectra. The calculation is
performed using the procedure of Bowers and Owen
(1955). 1Imitially it is assumed that no nuclear
interaction terms are present in the Hamiltonian,

ie I = 0; then with a strong magnetic field parallel
to the z axis (chosen as the axis of quantization),
matrices are set up representing the Hamiltonian of
the system and eigenvalues are extracted by subroutine
EIGEN from the secular determinant associated with
the energy matrix. . For the corresponding terms with
the x and y axes as the directions of quantization,
respectively, the matrix is transformed as required
by Bowers and Owen, who also provide for the
subsequent introduction of hyperfine interactions.
After calculation, the spectrum is normalized to the
experimental spectrum which is fed in as data, and

the two curves are plotted superimposed.
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Figure 5.2

'Normal' aluminosilicate lattice
b Si substituted for Al
c Al substituted for Si

a
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The source of the electron

The electron source centre appears to be of the type
which could be formed in a variety of sodalites grown
under a wide range of conditions. This requirement
seeimns Eo indicate a centre of the structural disorder
type, or, recalling the two salient peaks in the epr
signal of the centre, one involving an atom of

1

nuclear spin % or an atom of zero nuclear spin in a

triplet state in axially distorted cubic symmetry.

Antistructure disorder model

The normal sequence of atoms in the sodalite
aluminosilicate lattice is shown schematically in
figure 5.2a. Suppose, however, an aluminium atom
exchanged with a silicon atom. The new atomic
sequences resulting from this exchange are shown

in figures 5.2b and 5.2c. This type of disorder is
not expected from structural work by Pauling (1929)
on aluminosilicate structures; however, here we are
concerned only with disorder on a microscopic scale
(parts per million) which may well occur. Also
Yamaguchi et al (1968) has found that sulphur

containing sodalites made by sintering give. deeper
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photochromic colouration if made with silicon
substituted for some aluminium, and Kohn and
Benjamin (1961) have suggested the degree of general
aisorder in silica minerals as an influence on their
colouration. Also epr studies by Bershov and co-
workers (1969) have shown the presence of'partial
disordering of the distribution of aluminium atoms
in naturally occurring single crystals of sodalite,
between the two structural positions of aluminium

and silicon. . '

The substitution of silicon for aluminium in the
lattice should produce an electron donor centre as
there is one electron in excess of that required for
normal bonding; (cf the donor atom in an n-type
extrinsic semiconductor, though in the present case
the 'donor' level is much lower in the band gap,

cf the U-levels of Medved (1954)).

The disoxrder can be represented in Kroger-Vink
notation by eguation 5.1, and assuming equilibrium

5.1

Si., + Al,, m———=Si' . +.Al

Si Al Al Si
conditions exist, the equilibrium constant K for

5.1 is

',
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(a) (b)

Figure 5.3

Expected epr absorption and first derivative
lineshapes for the antistructure disorder model
in sodalite

a with an unpaired electron on a silicon atom

b  with an unpaired electrorn on an oxygen atom
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i

Si
since the degree of disorder is such that the silicon
and aluminium on their own sites exhibit approximately
unit activity. Then using AG = -RT1nK (or -kT1nK)
a free energy change for the disorder process can be

calculated; at 300K for lppm Si AG = 16.5

Al’
kealmole ! or 0.71 ev and for 100ppm Si,.,
AG = 11.0 kcalmole-l or 0.48 ev. The concentration
of the electron donor is between these wide limits,

giving the limits of the free energy change for this

type of disorder.

The epr spectrum resulting from the structure in
figure 5.2 would exhibit axial symmetry. The
electron giving the resonance signal could either

be on the misplaced silicon atom, or on an adjacent
oxygen atom. In the former case, each of the

axial lines would consist of a central line, relative
strength 19, with two hyperfine lines, relative
strengths % (figure-S.Ba); the hyperfine lines

arise from the isotope 8129 of natural abundance
4.7%. In the case of the electron sited on an

oxygen atom the axial lines are each split into



- 167 -

(b)

Figure 5.4

Epr spectra of sodalites grown from feedstocks with:
a excess silica
b excess alumina

both after heating at 900°C in argon for % hour
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5 lines of approximate relative strengths 1:19:382:
19:1, arising from splitting by 4.7% Si29 at each
of two silicon sites (figure 5.3b). Of these two
possibilities the electron on oxygen is probably
the most likely, as this centre has already been

observed in smoky quartz (0'Brien 1955).

The antistructure disorder model was found wanting

in two respects:

1 sodalites were grown by hydrothermal techniques
with excesses of silica and alumina, producing
materials HT14 and HT15 respectively. As far as
could be determined, these had the same, normal
activation characteristics and epr spectra

(figure 5.4);

2 mneither of the epr spectra in figure 5.3 show

much resemblance to the experimental curves.

Models involving other centres

The experimental epr spectra of the sodalites studied

could be approximated (neglecting the centre line B)

by a species with electronic spin % with cubic site

symmetry and hyperfine splitting by a nucleus with
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Figure 5.5

Best fit computed curve for the epr spectrum of a typical sodalite using SHAPE 5
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Figure 5.6

Epr spectrum of as-grown deuterated sodalite
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I = %, Computer program SHAPE 5 was employed to
produce the best fit shown in figure 5.5. Since
there is no line in the middle of the experimental
epr spectrum of the photoactive centre the hyperfine
interaction could only be with nuclei of I = % with
a natural abundance of approximately 100%. The

only nuclei satisfying these requirements are Hl,
Flg, P31 and Tm169, and the only one of these which
could occur consistently in all the various sodalites
is Hl. In an attempt to eliminate this possibility,
sodalites were grown hydrothermally substituting

NaOD for NaOH, and D,0 for water in the growth vessel

2
and during washing. Its epr spectrum in the region
of 3400 gauss is shown in figure 5.6, which clearly
shows that there are no significant changes from the
spectra of sodalites from hydrogen containing media.
If hydrogen had been involved in the'photoactive
centre, deuterium would have substituted for it
during deuterated hydrothermal growth and the
hyperfine splitting due to hydrogen (I = %), would
have been replaced by that due to deuterium (I = 1).
The possibility of the electron donor centre being

one involving hyperfine interaction can therefore be

eliminated; the two line signal must therefore derive
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from a centre involving a nucleus or nuclei with
zero nuclear spin but with zero field splitting,

giving rise to a spectrum displaying fine structure.

The work on high purity sodalites by Ballentyne and
Bye (1970) and an earlier part of this study
(section 5.1) eliminated all the species which could
satisfy the above requirements except centres
containing oxygen. These centres will now be

considered.

5.3.3 Oxygen containing centres

In table 5.1 are listed centres containing oxygen
which might reasonably be expected to occur in

sodalite.

Centres with more than one hydrogen atom can be
discounted immediately since these species would

give more than two principal lines in an epr spectrum,
and the deuterated hydrothermal growth work with
subsequent epr measurements of section 5.3.2
eliminates all the centres involving one hydrogen

atom, leaving only the pure oxygen centres.



Table 5.1

(atomic
oxygen)

(oxygenyl)

o (molecular
2 oxygen)

0., (superoxide)
02- (oxide)

Og- (peroxide)
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HO

HO®

HO (hydroxyl)

+
H20

H20 (water)

+

HO

N

o
H02
- dro-
HO, (p! oxide
ion)

+
Hy0,

H.0° (hydrogen
Hy02 peroxide)

H.0.

272

Oxide (02-) and peroxidé (03—) have no unpaired

electrons and would not give epr signals;

moreover,

removal of an electron from them to form an F-centre

would give species with odd numbers of electrons

which could, in principle, give epr signals. The

photoactive centre in sodalite has properties

opposed to those of 02-

and Og-

therefore, be considered further.

o and d;

and they need not,

would require excessive energy to ionise
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them and, according to their site symmetry, would
have one unpaired electron, though from the atomic
and molecular orbital energy level diagrams for
oxygen (figure 5.7), oF could havé three unpaired
electrons in cubic or spherical symmetry. Results
from the SHAPE 5 computer program show that a
single unpaired electron species is not the source
of the epr signal under investigation which
eliminates 0  and 05 with 7 and 13 electrons

respectively giving one unpaired electron each,

regardless of site symmetry (figure 5.7).

Knowledge of the lineshapes generally encountered
in epr spectra and section 5.3.2 suggest that the
centre responsible for the experimental epr two
line signal is a triplet state (S = 1) species with
axial symmetry producing some zero field splitting

. + . . .
which rules out the O centre even in an isotropic

0

2

molecular oxygen. Computer program SPINGT% was

site and leaves only 0° and 02, ie atomic and

therefore employed to elucidate the parameters of

the centre.
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Triplet state species with zero-field splitting
and axial symmetry o

a and
b and
¢ and

a, b,
d, e,

d

e
f

c
f

Energy levels vs field diagrams
The corresponding epr absorptions
The corresponding epr spectra

Magnetic field in z direction
Magnetic field in x or y directions



Y-

- 177 -

(a)

2 X,y X,y 2

(b)

Figure 5.9

Triplet state species with zero-field splitting
and axial site symmetry in a polycrystalline material
a  Absorption lines

b  1lst derivative epr spectrum
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5.3.4 Reconstruction of the epr powder spectrum of

the photoactive centre

For a single crystal containing a paramagnetic
species with S = 1 and axial symmetry about the
crystallographic z axis (figure 5.8), when the
magnetic field is along the z axis, the energy

level versus field diagram (a) shows the epr spectrum
will be as in b, giving the first derivative curve

c. But, for the field along the x or y
crystallographic axes (d), the absorption spectrum

is shown in e and its first derivative in £. In a
polycrystalline material, a component of ‘the field

is along each axis of each crystallite. A combination
of the four lines should therefore be seen to give
the first derivative curve shown in figure 5.9 for

a well resolved case. For a less well resolved
spectrum, it is easy to envisage the spectrum
obtained generally for the majority of sodalites in

this study (neglecting for the present the sharp

'non-contributing' line).

The curve computed by SPINGT% in best agreement

with an experimental curve chosen at random is shown
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(a)

/

(b)

5kG

Figure 5.11

Epr spectra of:
a Oxygenated dionized water (»5006)

b  Oxygenated iso-propyl alcohol (-50°C)

WI

SkG
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in figure 5.10 together with the experimental

spectrum. The degree of agreement leads one to

suppose that the active centre in the materials

under study is in a spin triplet ground state in

an axially symmetric crystal field with a g-faétor

of 2.0051 and a zero field splitting D = 0.0l65cm_l!
0

In principle both the centres 0° and O2 still under

discussion can satisfy these requirements.

Oxygen in other media

Boiled deionized water and GPR grade iso-propyl
alcohol were oxygenated from a compressed oXygen
cylinder and their epr spectra taken at -50°¢
(figure 5.11). They show the same lineshape as the

photoactive centre, though considerably broadened.

Oxygen gas dissolves in water to aﬁout 3.5% at room
temperature, and to about 2.5% in lower alcohols.

The dissolved oxygen would give epr signals but

water and alcohols in the liquid state, being polar,
will absorb microwave power from the resonant cavity.
This effect can be prevented by freezing the solution

which holds the solvent molecules effectively
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(a) (b)

10-15cm

(c)

- ! plane of zero

\ electric field

Figure 5.12

(a) side elevation and (b) elevation of a flat silica
cell for epr measurements on polar liquids
(¢) epr resonant cavity showing electric field; note

plane of zero field
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.stationary as a lattice for the oxygen. The problem
can also be overcome by using a flat silica cell
(figure 5.12) to contain the sample in the planar
region shown in the resomnant cavity where the net

electric field is zero.

The epr spectra shown in figure 5.11 therefore
consist of signals given by oxygen molecules held

in a rigid isotropic lattice (since the solvent
molecules are frozen in random orientations). The
spectrum is that of a triplet state species in an
axial field, despite the fact that the lattice is
isotropic; the axial field must therefore arise from
the oxygen molecule itself. The shoulders which
should be present at the outer edges of the lines
from molecules in which components of the field are
along their z axes cammot be seen, but this omission
may be due to broadening which makes observation
impossible at -SOOC, as their intensity is very low.
Another possibility is that their position is nearly
coincident with the position of the two centre lines.
To summarise, this experiment appears to indicate

that oxygen molecules can themselves produce a large

enough axial perturbation from cubic symmetry to
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; <—"

Figure 5.13

Epr spectrum of oxygenated dionized water at
-50°C after UV irradiation for several hours
also at -50°C. (Same machine settings as for

figure 5.11)
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produce an axially symmetric zero-field splitting
and therefore the fine structure seen in the

photochromic centre.

As an extension of this work, an oxygen solution

in deionized water at about -50°C was irradiated
with the ultra-violet radiation used for colouring
sodalites. After 2-3 hr the epr spectrum shown in
figure 5,13 was obtained. Clearly the 02 has been
decomposed by the ultra-violet, as expected. Since
chemical reactions can be regarded merely as

electronic rearrangements, the electrons of O2 can

be rearranged by UV radiation.

Oxygen in sodalite

The most likely position for most anionic or
uncharged species in the sodalite lattice is a
chlorine vacancy which has cubic symmetry. As seen
in the last section, an oxygen molecule in this site
would produce an axial crystal field at the
parametric centre of the site, arising from its own
axial symmetry. Conversely an oxygen atom in the
same site will not have axial site symmetry unless

the surrounding tetrahedron of sodium ions exhibits
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Jahn-Teller distortion (Pake 1962).

At this point a reconsideration of the epr spectra
of the material HT11 (figures 4.19, 4.20, 4.21), a
perchlorate sodalite, may prove useful. On heating
a perchlorate salt or perchlorate sodalite (Barrer
and Cole 1970) oxygen is evolved according to the
reaction 5.3

c10, —rte2t . 17 440 5.3

In the free salts the oxygen is liberated as

molecular 0O,; however, probably in the sodalite

93
lattice and initially for the free salt, the oxygen
will be free atoms, later combining to produce
molecules as the concentration of 0 rises. Atomic
oxygen could give rise to the single line in tﬁe
as-grown spectrum of HT1l, since the Jahn-Teller
theorem does not predict the direction or extent of
the distortion which relieves orbital degeneracy.
(As shown in the previous section the single line
could not be from 02). If this single line at

g = 2,017 is due to oxygen atoms, then on heating

the as-grown material to activate it, this line

would be expected to increase in intensity as
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observed, if the atomic oxygen evolved is responsible
for it. Further heating would allow some atoms to
diffuse out of the lattice and some to form molecules,
which gradually become more noticable in the epr
spectrum. Thus O2 may be responsible for the
photoactive centre signals A and C, and 0 atoms for.

the single line B.

Formation of oxygen centres

Whilst the formation of the O2 centres in material
HT11l from 0° centres can be relatively easily
followed using the epr spectrum of the material, a
separate mechanism must be postulated for 02
formation in the majority of hydrothermally grown

sodalites; the most probable type is shown in

equation 5.4.

20 =/ 0 + H,0 + 2e” 5.4

The standard electrode potential for this half
reaction, EO, is ~1.043v, the standard free energy
change is thus positive QSGO = -nFEo), and the
reaction will go to the left at standard temperature
QSOC) and pressure (1 atmosphere) and for unit

activity of the species reacting. In an autoclave
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during hydrothermal growth these are not the
relevant conditions. However, the Nernst equation
(5.5) can be applied to correct for the differences

in temperature and concentrations.

_ 0 RT 0X
E=E +-—=%. In —=d 5.5
where:
E = electrode potential of reaction under

conditions of interest

EC = electrode potential of reaction under standard
conditions

R = the gas constant (8.3143 JK-lmol-l)

T = absolute temperature

n = number of electrons involved in the reaction

F = Faraday constant (96,487 colomb g.equiv-l)

ox = product of activities of oxidised species

red = product of activities of reduced species

These last two apply to the reaction 5.6
oxidised species + e© ———= reduced species 5.6
In applying the Nernst equation here the following

assumptions are made:

1 since the number of 'molecular' species on each

side of equation 5.4 are equal, the pressure
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will not directly affect the chemical equilibrium

2 T = 400°C = 673K, the temperature typically used

for hydrothermal growth

3 the activity of the HZO present was approximated

to its molarity, ie 29.6

4  for NaOH the activity coefficient was estimated
from existing data (Weast 1971) as 0.728 giving
the activity of OH in a typical hydrothermal

growth run as 2.323

5 the concentration of oxygen atoms is the same in
the growth medium as the crystallised product,
giving a concentration of approximately 1Oppm;
since this species is present in high dilution
its activity coefficient is taken as unity and
the activity of 0 = 10-5/Avogadro's number =

1.660 x 10”22,

When these figures are substituted into 5.5 we have
E = 4+0.829v thus the sign of the electrode potential
has changed, and for the conditions of hydrothermal
growth used reaction 5.4 has a free energy change

of -1.600 x lO5 Jrnol-1 and the reaction will tend to
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Figure 5.14

Epr spectrum of as grown vanadate doped,

hydrothermally grown, sodalite
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go to the right,

Evidence for this mechanism is as follows:

1

the existence of free electrons in the growth

system would make it highly reducing

sodalite grown hydrothermally using a sodium
chromate doped growth mixture has a definite
green tinge showing reduction of yellow chromate

(Cr VI) in the system to the green chromium III

sodalite grown hydrothermally using a sodium
vanadate doped growth mixture has an epr spectrum
(figure 5.14) showing hyperfine structure which
can be assigned to VSl (natural abundance 99.76%,
I = %), despite poor resolution. Tbis observation
implies than an electron resi;es (at least
partially) on the vanadium ion and we therefore
have a d1 configuration or vanadium IV, ie the
vanadium V in NaVO3 present originally is reduced.
Thus there is some evidence for the reaction 5.4
or a similar reaction producing oxygen atoms and

a reducing species occurring, followed by 5.7

0% + 0° — 0, 5.7
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These reactions would produce O2 photoactive
centres together with excess Oo, giving the

double epr signals of figure 4.13

O2 cannot definitely be said to be the photoactive
centre unequivocally since it is possible that 0° ox
O2 in a sodalite lattice could be free to rotate,
which would produce rotational fine structure in an
O2 spectrum, but none in the epr signal of oxygen
atoms. However, it seems unlikely that the dumb-bell
shaped oxygen moleculé would be free to rotate in the

tetrahedral cavity with sodium ions at the apices

which constitute the chlorine vacancy.

Non-photochromic sodalites

Sodalites have been grown, particularly by flux-melt
techniques, which give the 'usual' photochromic
centre epr signal, but which are not photochromic.
However, these were grown from fluxes containing
large excesses of VZOS and it is probable that the
chlorine vacancies are 'blocked' by VO; groups,

preventing formation of F-centres. This type of

blocking process could well explain the inactivity
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Possible configuration co-ordinate diagram for the

photochromic process in sodalite. Confirmation of o
this scheme, or thé more usual one via the conduction -
band, could be made by (a) F-centre luminescence, or .jé

(b) photoconductivity measurements TRy
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of many sodalites as being due to a 1ack.of chlorine
vacancies and suggests that the activation process

is the formation of chlorine vacancies by allowing
labile blocking species to escape through the lattice,

out of the crystal.

Photochromism energetics -

configuration co-ordinate dlagrams

A commonly accepted mechanism for the photochromic
process is that an electron is excited by UV
radiation into the conduction band and from there
falls into the F-centre. However, an alternative
scheme is that given by a configuration co-ordinate
or Frank-Condon diagram (figure 5.15) in which the
electronic energy levels are approximated by
parabolic potential wells of definite lattice
configuration which have discrete &ibrational levels.
Electronic transitions occur, according to the Frank-
Condon principle, sufficiently quickly that the
transition is vertical on the diagram, ie the atoms

do not have time to change position.

If we consider the 'photochromic' electron in

uncoloured sodalite at room temperature, it would be
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in the state marked A in the diagram. Absorption of
UV sends the electron into a vibrationally excited
state of the F-centre (B), which then decays to the
room temperature state (C) thermally; in other words
the decay is phonon assisted. Optical bleaching of
sodalite on absorption of green light causes the
transition C——=D, followed by thermal decay back
to state A, Hence, thermal bleaching is explained

in terms of this mechanism.

A further transition mechanism can also be postulated
from the configuration co-ordinate diagram. If a
suitable pulse of heat is given to state A, taking
its vibrational level above X, then on decay, as the
heat is lost by lattice.vibration, from point X the
electron could come to rest in either state A or C;
since the latter is the coloured state, thermal
colouration could be possible. The heating effect
could be obtained from an electron beam, so this
mechanism could explain the cathodochromic effect.
Activation of sodalite by electron beam could also
be the result of a local heating effect, the heat

in this case 'boiling out' chlorine ions and chlorine

vacancy blocking species such as H20 etc. Removal of
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atoms and structural and compositional disruption
by electron beams has also been reported in alkali

silicate glasses (Borom and Hanneman 1967).

New photochromic materials

It would be of great interest and technological
significance if a material could be produced with
the advantages of all the ﬁaterials considered in
this work, and few, if any, of the disadvantages.
Excluding organic materials as the solution (because
of the relative ease of their chemical and photo-
degradation), leaves homogeneous inorganic
photochromic substances, since heterogeneous ones

have the intrinsic problem of a resolution limit.
Thus we seek an inorganic homogeneous photochromic
material with the following requiréments:

1 a rigid reproducable crystal structure with

cavities or vacancies suitable for (2) and (3)

2 an electron donor which can part with its electron
on irradiation with the appropriate wavelength,

in the environment of (1)

3 an electron acceptor site
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(2) and (3) would have different net absorption bands
before and after irradiation. These requirements

are of course met by many existing materials, but,

in addition, ease of forming would greatly enhance
the usefulness of the new material. All existing
materials with this property are inhomogeneous, and
also a plastic state seems to negate requirement (1)
above. A possible solution to this would be a
material which could be moulded, drawn etc in one
state, then processed in some way to give a
crystalline condition. Possible areas of search for
this kind of material are glass ceramics, crystallised

by heat treatment, and (inorganic) liquid crystals.

Conclusions

The photochromism of most of the sodalite materials
grown in this study has been shown possibly to be due
to oxygen atoms or molecules in the lattice, 02 being
favoured because of its intrinsic axial symmetry, which
relates quite well to the 02_ centres suggested by
Ballentyne and Bye (1970). However, it is almost
certain that other centres can act as electron donors

in photochromic sodalite.
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Charge compensation for the chlorine vacancies
(latent F-centres) is probably by divalent impurity
anions and also sodium vacancies, since NaCl has
been found in the gases arising during activating

sodalite (Phillips 1970).

An explanation has been given for the cathodochromic
effect in terms of localised (pulsed) heating effect
using Frank-Condon or configuration co-ordinate
diagrams, which also satisfactorily explain optical
colouring and bleaching and thermal bleaching in an
empirical fashion. Electron beam activation is also

explained in terms of a heating effect.

Perchlorate doped chlorosodalites have been produced
by hydrothermal growth for which the time required
for activation is less critical than for previous
sodalites and which need not be activated in a

reducing or inert atmosphere.
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APPENDIX 1
SHAPE 5
72/11/703 UNIVERSITY OF HINNESOTA 6300 FORTRAN COYPILER KROMOS 2.0.8 PSRI 73704712 GOebbe230
MNF (T R=Z 3 3=LLNT)
gto1con 1+ PPOGRAM CALTAP (INFUT,OQUTrPUT, TAPES=INPUT, TAPEE=0UTPUT, TAPE27,
SCQ 1-‘ NOTI‘. - FRUG,’:AH STI{TLH[NT Is |‘0N S]ANDA{D LI R RS R AR R R P R R A IS R R AL L R X2
XTATEZ2S)
v
(v THLL UALCULATES AWISOTROPIC ESR SPECTRA FOLLOWING THE ANALYTIC
Cc SOLUTIONS OF KHZUEUHL J CHtM PHYS 1960 VOL33 Fld74 .
c GLUSSIAN O/ LORSHTZIAN LINISHAPES CAN BE CHOSUHN AHO THI COMPUTED
c SPLCTAU IS PLOTT=S UN THI CALCOMP PLOTTLR
c THL <XPLRIMENTAL SPECTRJA 1S READ IN o NURMALISIO TO THe COMFUTED
S OHE 3 AND PLOTTED ON THE SAMz AXZS o UP TO THR:E SETS OF DATA CAN BE
C FED IN . R
c
u102viB 2 CUMHON INSTAR(10306) yHSTAF (1000) ONDH(1000) ,FH{1300),0FH{13G0), I
1H(20(CYy GFH(LLO0U) yGOFHIL3C0), H(200G) , TOTL(2003),S{L0d4) X (Lu0ud YL
1100v) 002,739}
0152018 3+ INTEGLR RAHGD yHILIN,OLIH
0102618 L} REAL NyNU
CALL STARTI(2)
0102v1B 5* CALL FLOT(1s05240,-3)
c RLADS HUHBER OF GRAFHS TO 3E CRAWN - MAXIHUM THREE . L
g102128 €* REAXD(S,1U00)NGRA
p102z18 74 10,9 FORHATI(T1)
c STARIS LUUP FOR GRAPHS
0152218 8% DO 4[ L16=1,NGRA
c SE TS HYPERFINE COUNTER TO ZERC
0102208 9% INnYeP=0
c CLCARS TOTL 1 - 2000
0402308 1w 00 1 I=1,20)0
0102348 11~ 1 TOTL(I)=U
Cc RLADS LXPeRIMENTAL SFECTRUY = STARTING FIZLOsy FINISHING FIELD AND
c HUHMBE+ OF PDINTS, THIN SIGMAL STRENGTH S IN AR3ITRARY UNITS.
c IOATA 1S NURMALLY 2:R0 = IF I1 IS GRcATER THAN ZERO THE PRrRUGRAM
c JOLS HOT LOOK FOR NZh VALUZS-(F S ANJ USZIS THE LAST SET OF S RSAD IN,
v102¢<¢B 12+ READ(o921007) iHSTRT,IHENJ, NOATA,I0ATA
01C2€48 13*  1J07 FORMAT(4IS)
010 2€4D 14> IF(IUATALGT,0)G0 TO 2
010 2€58 16* READ(5,1LL3) (S(X),I=1,NDATA)
0103118 1€* 1,98 FOLMAT{13F6.1)
M CALCULATES STIPLENGTH
v103118 17+ RR=1HLND-TIHSTRY
0613 3128 18+ DH=HDATA=1
01ud1%d 19+% DH=RR/ 0N
c ALL INTEGRAL FInt? VALUES EXCtPT IHSTRT ANDO IHEND ARZ IN MILLIGAUSS
0103168 20 IDH=1Lule*DAtie 5
0163213 21+ OH=I0H
01L 3z¢d 2¢* UH=DH/ 110G
< THL INPUT PARAMZITCERS ART READ IN, THE LMD OF OATA BEING INOICATED
] BY GX={ ON THEZ LAST CARD, NU IS IN KMCSe
c CLNTRCD SYHMBOLS ARE ORAWN ON THr GALCULATED LINcSHAPE, ANO LPT
c Do TLRMINES THI RCPEAT CYCLI. LaGe FOR LPT=4 A SYH3OL IS DRAHN ON
¢ EVeRY 4TH POINT
SteqQ 22% CAUTION = RLSULT = OH TO LEFT OF = APPZIARID TO L&FT OF PRIVIOUS = PELIEPILB LTRGBS NINRD
L1y 3238 23* 2 FEAD(S,; 1uu1)GXa6Y G2 )AX)AY £ ZyNUZHILIN, LULIMyNyGAU,LPT
Liu3u7e 24% 140U FORMAT(37F6elby3Fbe2yF7e3,213,2F3,1,13)
c WHENE VLR INPUT IS SUMPLLTE GC TO PLOITER
"w1( 3473 b IF(GX.EQele)GO TO 28

c RETAINS LPT
SEQ 25% COMMcNT - IS FLUATING POINT EQUALLITY TO 3t EXPECTED SEEIBIRIEPRILRIIGRIIREINLESNS



L1035L3 26+
b1 3ELL 21+
v103e28 28
uiy3E28 200
01y 3639 36
Y1y 4oL 31+
0104043 32+
Liu4uSB 13+
0194463 3y
0144078 35
Gle4118 36+
t1d%13B 37+
0104163 38
L1 4218 39+
Cluuzud gt
V1L LETE upe
p104313 har
6104358 43*
01ub26n 4y»
V104468 y5e
U104E48 4
010 4638 47

Seq  47% GAUTICN
t1v4eLd e
0104728 4gs
01L 4778 5o+
0105168 51
u105238 52+
ui0Stuu 53*
01035568 54+
VIG576d 55%
0106038 56+
L1t 6343 57+
viu 644D 55+

c

c
c

C

<

QG
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APT=LPT
Rz ADS HYPLRFIYE SPLITTINGS IN GAUSS
RCAD(S,2LE DIHYPXyHYFY,HYPZ
2400 FORMAT(3F8.3)
ADDS une TO HYPERFINE COUNTER
IHYP=THYP+1
HRITLS G VALUZIS, LINZWIDTH3, FREQUENCY, HYFLRFINS SHIFIS, ANO
STLPLENGTHS
HWRITE 1551)02)GX GY G2 AX AY yAZ,1iU, HYP X HYPY ;HYPZy OH
1502 FULHAT(LHU,A7HIXFZRINEHTAL LATA /6X,205X 58X, 2HGY 98X 4 2HGZy 89X 32HAX, S
1X)2HAY 30X )2HAZ,)5X 3 YHFPEQUENLY 35X, IMHYFERFINE SPLITTINGS, 8X,10GHSTE
2PLLHGTH/11F14,5)
GCALCULATL FIUCLO CCRRESPONIING TO G-VALUES
AX=1,/AX%
AY=1,/AY
AZ=1,/A2 .
P=714.443%*NU
HX=F/GX+HYPX
HY=P/GY+HYPY
HZ=P/GZ+HYPZ
ALL INTcGRAL FILLD VALUES EXCEPT IHSTRT AND IHENO ARE IN MILLIGAUSS
IHX=HX*1{03. 4045
IHY=HY*1)23.+0.5
IHZ=HZ*10CJ.+8.5
LVALUATL LZHGTH OF GNOH VZCTCR *UHSTAR?
RAHGL= (IHNX=-IHZ) /IOK+4
SUM=L 4 !
SET HSTAR TO FISL) VALUES HZ THROUGH HX
AND LUVALUATE ARGUMz=NHTS OF ZLLIPTIC INTLGRAL
00 5 1=1,RANGE
ALL INTEGRAL FIZLD VALUcS cXCLPT IHSTKT AND IHENO ARE IN HILLIGAUSS
IHSTAR(I) =IHZ-IDH+I*IDH -
HSTAR(I) =IHSTAR(T)
HSTAR(I)=HSTAR(I) /1000,
Du HOT CALLLYLATE ONCH AT HY WHERE Wt HAVE AN IUFINITY

RLSULT =~ HSTAR TO LEFT UF = APPLAREQ TO LEFT OF PREVIOUS = Yresvane

IF(INSTARIT).2Q, IHYIGO TO 5
DO He TRAKSFER TO HIGH FIZLD EQUATION
IF(LHSTAR(I) 4 GT,IHY)GO TO 3
LOW F1tLD BRGUMZNT OF ELIPTIC INTEGRAL
SAK= ((HX*HX-HY*HY)* (MSTA(I)®HSTAR(Y) =AZAHZ) )/ ((HY+HY=-HZ*HZ) ¥ (HX*H
1X-HSTAR(I) *HSTAR(I)))
CALL H174(SAK,CLIF)
LOW F1ELO CALCULATION OF JNOW
DHOH (1) = (C(H*HX*HY*HZ) /(34 1416 SART (HY ¥1Y~HZ*H2))) * (£ LIP/ (HSTAR(I)*
1HSTAR(I) *SQRT (HX*HX-HSTAR (I)*HSTARI(I)))) *2,
GO TO &4
HiGH FIELD ARGUMINT OF ELIFTIC INTEGRAL
3 SCR=((HY*HY=HZ*IH2) ™ (1UX* HX=HSTAR(I) *HSTAR(I) ) ) 7 (CHX*HX=HY*HY) *(HSTA
1R(II¥HSTAR(I) =HZ*H2))
CALL H174(SuKyELIF)
RIGH FISZLO CALLULATION OF ONLH
DHOH (L) = ((N*HX*1HY*1Z) /(3. 1430 SART (KX*HX=HY*HY)) ) * (e LIP/ (HSTAR(I) *
1HSTAK(I) *SART (HSTAR (1) *HSTAR(I) =HZ*HZ)) ) *2,
AGCCUMULATING DNId
4 SUM=SUM+DNOH(TI)
S COMTINUD
CHLCKS TO SEL IF ODI3TANCe IHZ = IHY IS AN INTEGRAL NUM3ER OF
STLPLERGTHS  IeZ. I35 OWOH TO Lt CALCULATED AT IHY , IF SO, IT IS



01¢6<18
Gab6523
UiCoE4us
010 6E53
01y 6E6E
staQ 634
Uiv6EYS
GiLa€23

b1, 6753
C167¢13

0137038
uid7458
SEQ 69+
L1l 7453
SEQ 73>
Lic7o78
SeQ (5%
LiL 71
vig712y
StaQ 73%
0197148

01067153
0147208

vio7eel
biv7233

¢1y 7248
61w 7313

01y 72332
SEQ 81+

viL7423
vie 7443
617470
SeQ 3u*
vid7¢cuB
uiv 7528
stq go*
0127568
0107e7d

0114050
0110248
0110208
0iiuldey
u119y338

u1101358

ELRd
65*
61*
cer
63*
COHPNT
by
E1-0d

36*
37

-} R4
69*
CAUTION
70
CAUTICH
(45
CAUTICOH
72+
73+
CAUTIUM
74+

75
7€+

77>
78*

79*
80+

1%
CAUT ION

[X2d
83+
Iy*
GAUTIoH
3ce
e
COMMINT
37*
33*

3G*
Ju*
g1+
32
33*

3y

U CHLCULATED BY DIFFERENCE.
ZY=IHY-THZ s
YCALC=2Y/DH
1YCALC=YCALC A
YCINT=IYCALC
1F(YCINT.HNZ.YCALCIGO TO 14
- IS FLuA"‘ING pol”‘r EqU'\LITY Tu Bl hxpECTiD BEPIEBIPBASSNIBIIOSS LB+ 43083
INT=YCINT¢1,
UAUH CINT) =H=SUite (LINSH (1) +DHEH (RANGE) ) 72,

v ALL ANTLGRAL FIELD VALUZS EXSEPT IHSIRT AND IHEND ARE IH MILLIGAUSS |
14 HIL1N=H1LTI4*1uwluy

LOLIN=LOLIN*1¢D)

c UH.LSS FIRST HYPZRFINC LINE 5 COLLECTS FREVIOUS VALUES JF HILIM

M ANO LULIM ( IW ILIM AND OLIM ) AND ADJUSTS SO THAT NEW SPeCTRUM

c FI1S UN TO LAST ONL ORREJTLY
IF(LHYPeLQ.1)GO TO 7
LULIh=0LIH

- VARIABLL OR ARRAY = OLIM NOT DEFINED AT THIS POINT bbbt bl Sttt S b
HILIM=ILINM

- VARIAGLE CR AQRAY = 1LIM NOT OSHIKEO AT THIS POINT FERARLERILINNRER IS
1Z=JHZ~IHZ

- VARIABLL OR ARRAY = J4Z HOT DEFINEO AT THIS POINT FRESS3I4440 248008000
LOLIN=LOLIN-IZ
IX=JHX=-THX

= VARIABLE OR ARRAY = JHX HOT OLFINED AT THIS PUINT SXLILLVIRIRVIERREEA TS
HILIN=HILIY*IX .

< LOW F1ELO LIMIT UF SPEGTRUM . .

7 IHLO=IHZ-LOLIV
c HIGH FIELO LIAIT OF SPECTRUM
LsHHI=THX+HILINM
STORLS PRcSEHT VALUZS OF HILIKW ANO LOLIH
OLIM=LOLIH
ILIM=HILIN
c TOTAL HIDTH OF SPECTRUM
IDLLTA=(IHHI-IHLC) /i0H+1
LF(IHYP,£0,1)G0 TO 410
C HRLTLS LRRUR MESSAGE IF PRESENT SPECTIUH NOT COMPATIBLE WITH
C  PREVIUUS OUE .
LF(IOELTA NZ, I0ZLH1)CALL ERFOR(IDELTA,IDELHL)
= VARIASLE OR ARRAY - ID:LMi HOTV CEFINEO AT THIS POINT FIRLINFERSIIEIRLAT 4L
c EVALUATING THE COSFFICIeNTS LF ThZ LINEWIDTH QUAJRATIC USING
LORAMERS RULE
10 v2=1,
VY=1HY~-IHZ+1600
vY=VY/iL00.

<

- RLSULT - v¥Y TO LEFT OF = APPIARIO TU LEFT OF PREYIOUS = S PBANNER FABLRRERLSY
VX=RANGE
IF(VYJEN, VXIVX=V XL,

- IS FLUATiNG POINT SQUALITY TO 8L EXPEGTEO FEBITARIIRVANALRILSNLETEILLS

DENUNZ (VY JZ¥ V2= yZ4VY¥YY) =L UXRVZ#42-YXPUY432) 4 (VX¥220 VZ=UXEP2¥VY)
DELX= (AXP VYT Y Z¥ 42 AX*VZHUYFN2) = (VXPAYI V22 *2=yXTAZ*YY?*2) ¢
L(VXS ¥2#AY#UZ=VX>¥22A72VY)

ULLY = (AY® Y222 2=A20JY**2) = (AXPVYZA32-AXIVY*22) v (UXF*2PAZ-YX*P23AY)
0 LZ=(YYPAZ=AY* Y 2) = (YX* AZ= VXY AY) ¢ (AX*YZ~AX*VY)

C1=0c L X/ OLROM

C2=0t LY/ OENOH

C3=ULLZ/DENDM

v CHUDSLS GAUSSTAN 02 LORENTZIAM SHAPE
IF(GAULGT.1,)6G0 TO 12



vilutub 35*
U11uy73 96+
611065d a7+
0113743 93
viiid .3 34*
0111118 1)0*
L111178 1d:%
6111233 142*
StQ 1U2% CAUTLON
011178 143"
6111368 R
C111478 1,52
StQ 1uS+ CAUTION
0111718 106+
112026 1)7+
411207y 1.8
0112138 119+
ti12220 alle
0112463 111»
vii12¢u8 112+
112843 113+
B11346586 114*
0113058 115+
§113078 116+
U113178 117»
01132358 118>
0143448 119*
0113509 12.,»
uil13€1B 121*
L113E78 122+
L113738 123+
SEQ 123+ CAUTICH
€113778 124"
0114068 12¢+
6114178 126
ei14228 127%
StQ 127* CAUTICH
0114448 128%
0114468 129*
V114545 132
B114%€E4d 131
v114718 132>
vil4?7u 133+
0115238 134
0115278 135+
6115358 13u*
0115358 137*
G115E63 133+
. 011572u8 139*

c CLLAR F(J) M
00 & J=1,TI93LTA
b FHUJ) =y
4 CONVOLUTL 0Y)IH WITH LORENTZILN FUNCTION
0017 I=1,RAIGE
A=CL+FLOAT (T)*+C2+FLCAT(I) #*2*C3
00 9 J=1,I3ZLTA
IHCJ) =IHLO-TOH+J*T0OH
HIN =IH(J)
HUEJI=H(J) 71300,
~ R_SULT = U T0 LIFT OF = APPEZAREL TO LcFT OF PREVIOUS = FEIBEELC R LV HFSFN NI
LFE1()) «GTLIHHI) GO TO 17
B=H(J)=HSTAR(I)
DFHIJ) =( (Lo *A**3)/(3.10413))3 (ONOHITI®B)/ ((1, +ATA+I¥B) ¥ 42)30HE(~1,)
- AULTIPLY OR OIVIOE BY 1 IR R S R R Y SR TR Y
8 FH{HN=FH{J) +OFH{J)
9 CONTIMNUE
17 CONTIKUC
[ ALCUMULATe HYPERFINE CUMPONEMTIS o
00 11 I=1,I9cbLTA
14 TOILLEY=TOTL (I} +FH(I) .
[ WRITLS FIELD VALUSS AND INTENSITIES
HRITE(Gy13au5)
1085 FORMAT(1HD,62HNAGNZTIC FIELC VALUES AND INTENSITIES FOR LORENTZIAN
1 LINLSHAPE/)
WRITL (G, 1vut) {IH(T), TOTL (L) »1=1,I0ELTA)
Loch FORMAT (AX;uwiFI4,15F2247))
[ CHUOSES GAUSSIAW 0% LCRENTZIAN SHAPC
IF(GAULLT.1,)6G0 TO 29
12 00 13 J=1,I05LTA
i3 GFHtN =y
00 22 I=1,RANGE
A=C1+FLOAT(I)4C2+FLOAT(X) *22*C3
00 23 J=1,IDSLTA
IH{ ) =IHLO=-IOH+)*I0H
H{J)=IHIN
=K1 /130vu,
= RISULT = H TO LIFT OF = APPEAREL TO LEFT OF PREVIOUS = FIREIXIIREIAFLHINES
IF(IH(J) . GT4IHHI) GO TO 22
G=H{J)=HSTAR(I)
IF(A*A+G*G. 5T+ 8us)GO TO 24
GOFH{ N = (2, *A*A*A*ONOH(I)*G)/ (Lo TT725%2.7183%* (A*A*G 5)) * (-1,)
- MULTIPLY OR DIvIUec BY 1 ERRAFIBL PR RIN RIS PR B AR AR B AR TR AN AR NN P vt S X AP ER LG F Y
GO TO 25
24 GOFH( ) =y
25 GFHE{J) =GFHIJ) +GOFH(D
23 CORTIHUL
c ALCUHULATE HYPERFINE COMPIONSMS
D0 26 J=1,1I0elTA
2b TOTL(N=TOTLII) ¢GFUHLY
22 CONTINUE
C HRITES FIELD VALUES ANO INTENSITIES
HRITE (0,1930)
1u.6 FORHAT (1HJI, 0OHYAGHETIC FIELL VALUES AND INTeNSITIES FOR GAUSSIAN L
1INLSHAPC/)
HRITE (6y1uun) (HI),TOTL(I)»1=1,I0cLTA)
G RUTAINS PRESEHT AHZ IHX AN) XCELTA
29 JHZ=IHZ
JHX=1HX
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0115718 140% I0LL11=IDILTA
¢ APL THURE ANY MORE HYPERFIN: LINES
6115728 141+ G0 TO 2
L ADDS e XTRE EXPLRIMENTAL POINTS IF NECESSARY
0115740 142+ 28 IDIFF=IDELTA=-NOATA
0115773 143% IF(10LFF) 33,33,31
L116013 144+ 31 HOFL=NDATA+1
2116L48 145+ 00 32 I=HDP1,1DELTA
Li11616B 146+ 32 S(1)=4,
C PUTS FILLD VALUES Il IH AND H
011633 1h7+ 33 10P1=IDELTA+L .
V116260 148+ 102=2*IDELTA
0110373 i4ge bo 34 I=10P1,IN2
C ALL INTcGRAL VALUZS ZXCcPT IHSTRT AND IHEND ARE IN HILLIGAUSS
0116513 150 IH{1) = (AHSTAT*103 1) ¢ ({(1=10P1) *I0H)
U116E1H 151* H{I) =IH(I)
U116€cB 152+ I HI)=4(I)/1100,.
C FINDS HINIHUHM AND MAXTMUM SALCULATED AND EXPERIMENTAL INTENSITIES
SEQ  152* CAUTION - RCSULT - H Tu LEFT OF = APP:ARZL TU LEFT OF PReVIOUS = FRARIERLNIIRETIINE
0116753 153+ CHIN=J,
116753 ol CHAX=b o
0116758 155* LMIN=G.
0116768 1564 LHAX=0,
0116778 157+ D0 45 I=1,IDSLTA
vil7063 153+ IF(TOTLII) 6T CAX) SHAX=TOTL (1)
0117298 159+ IF(TOTLCE) LT WGHI) CAIN=TOTL(I) . v
v11736B 160* IF(S (1)« GT L EHAX) SHAX=ST) ¢
0117423 1v1% 35 IF(S(I), LT SMHIN) EMIN=S(T)
c HORNLLISLS WXPSRIMIJTAL SPECTIRUY
U117558 162+ ECHORM={CMAX~-CHIN) / (CHAX-EMAIN)
Lil7€15 103+ 00 3b I=1,I0ELTA
u1177¢8 164+ IPL=I+I0CLTA
vi177u3 265+ 36 TUTL(IPL) =S{I)*SCNORH
¢ WRITaS HORHMALISEO SPECTRUM
u129058 1564 HRITE(6,1€09)
L12u13d 167% 139 FORMATC1Hu, 3ZHHORMALISED EXFERIMENTAL SPECTRUMS)
vi2u133 165+ HRITE (6yauut) (H(I),TOTL (X),I=1DP1,ID2)
u12cu?8 159+ 00 1972 I=1,1D2
uiZu568 170 ¢ 0(1,1)=H(D)
L12u€E63 171+ D(Z,1)=TOTL(I)
0129773 172% 1372 COMTINUVE
0121028 173+ CALL PINIST (0,I02)
121068 174% HPLOT=2
€ CALCUMP ROUTINES
121163 175+ CALL SCHLEZ {Hy149a3,I72,1)
U121143 17¢» CALL SCALE(TOTL;3.2,102,1)
0121218 177+ YHIN==TOTL{ID2+1)/7TOTLITIZHE)
L1211 178* CALL AXIS(D.0,YHIN,SHFIELD,-5s20.0,0.0,H{ID2+1),H(ID2+2))
0121528 175 CALL AXIS(3euyded;25HSIGHAL STRENGTH, 15,6415 9d0d, TOTL{ID2+1),70TL (
1102+2))
0121738 135 X(IOLLTA+1) =H(ID2+1)
v122C39 131% X(IDLLTA+2)=H(TID2+2)
0122138 132+ Y(IDLLTA+1) =TOTL(I32+1) . .
122238 153 Y(IOLLTA+2)=TOTLLID2+2)
0122358 184 00 38 1=1,HPLOT
0122458 185 00 37 J=1,I92LTA
0122553 136+ JI=JeIDLLTAX(I-1)
0122573 137% X(JY=H {2}
0122t68 i3ar 37 Y(JI) =TOTL(IN



ti123u28
0123038
U1230643
u123173

U123ghy
0123313
b123353
0123408
y123428

t127253

V127253
vi27268

0127£58
012778

L13uale
0139148
p1302u8

yi3ueus
g13ue1e

10¢4
13
14i*
132+

133+
194+
135+
1de+
137+

193+

199*
2v*

2J)1*
24¢*

2J3*
2)4>
2i54

cJE?
207*

SEQ 207%* COMMINT

c
9

(¢

[+ N 7}

FOit FIFST GRAPH K IS NOT ZIRND, aNO CEHTRED SYHSJILS ARE PUT 0 THE
GFAPHs Tl RIPEAT LYCLe Io N ToeRMINCJ 3Y LPT,
K=2-1
KK=IFT*K
33 CALL LINE(X,Y;I):LTA,1,KK,X)
GO TU (39,37,40),16
UlLLSS LAST 5APH, H0vceS PLOT ORIGIN
39 LALL FLOT(Ua03940,=3)
49 CONTINUZ
CALL LHPLOT(12.4)
STOP
LND

SULBROUTINE H174 (SOAKyZLIP)
THIS SUBROUTIYN: CALCULATES THE cULLIPTIC INTEZGRAL. HASTINGS,

NUIERICAL APIQOXINATLONS FOR [ILITAL COHPUTERS PilYy

eTA=1,=-SGK

LLIP=(1,39629430112+0,09060344259%ETA+Y, 03600392333 *CTA?ETAIY, 0374
125L3743%ETA+CTA*ZTA+uul4511962127%c TA*ETATcTA*CTA) +(CaD+rel12038533
28074 L TA+G. 8583024857 TA*cTIrC.033283553U6*LTA*STA*ETA+L 4 US+L17870
SL2YE TRAETACCTAYETA)*ALOGIL4L/ETA)

RETURN

cHOD

SUUROUTINE £RROR(IDILTA,TIDZLH1)
HRAITL (6, 2pul) INELTA, ID L1
20vl FORMAT(1HO,55HAD JUSTHCHT OF HILIn AaD LOLIM MAS NOT WORK(D CORREST .
1LYs/21X,24HTHIS TIHE FIcL) 2UNGE I1S,I7/71X,1BHLAST TIMZ IT WHAS,I7)
RETURN
whD

- 6 HWORJDS UScED IN SETUP OF SUBOKOCKRAM L Ry Y I T Y Py YR Y Yy ]



1
SPINGT>
P%NGRAM CALESR(INPUT,0UTPUT, TAPE7=INPUT, TAPE2=0UTPUT, TAPEG?2) jgg
c
c FPZ3GR4H TO SUT UP a7 SOLVE MATRIX FOR ANY SPIN, JnR
)] S/ STTUP 37TS VP THT MATRIX, T2AHSFORMING THZ FINT STRUCTURE TSPHMJON
c FOR Y &°19 Y AS BIVEY IN ROWZRS AND OWEN RIPT PROGR PHYS 2320 1955,J0R
[ TH2 (ISIMVALUZS ARE FOUND BY S/P EIGEN, T2AWSITIONS ARSI PRCOICTED JOR
c H4ZH THD NDISFIRENCE IN ENZOny AETWIZM ANY PAIR OF EIGENVALUES Jas
[+ IS COIAL TO THE MICI0WAVFA NUAHTUM MV, AT THEST VALUSS OF FICLD Jon
[ THI 4ATRIX IS SFT UP AGAIM AHD THE EIGENVESTORS FOR EACH JOR
c LIVEL AND Tuf T24SITION PROBARILITY ARE FOUND AND PRINTED,. Jon
IHNTEGER PLATT,DHPLOT Jos
SZAL WSPIN Jos
INTIG7R ANGYAR JoB
CI4PLTY AP (TE,35) , LAMBDALIIA) ,HP (36, 36),HN(T5,36) J38
CIMINGION OFE(77) Joa
SLATUSINN A(72,72) 40T (D 3 2(72),603) 3 HI3H) ,SEVIL,10) ,05V {1,1), Jon
150 (2,530)435502,639), AN3DA(10),VIT72,72),STOPEE(L,1) ,ELL72), Jns
2STIATT (107 ,FII LD (35),ANTIA(5184),PDIA(5186),NURESIL,1),0TP(1,1), JOS
DAY JoR
DIAZNSION 5H(3) ,AU0TN(T) Jos
014345100 SY (1) Jos
9IHMTYSIAN 3TGTLUC199) ,STOREL (107),STORER (100) Jo3
CINENSION STALLD) Jos
DI AZN3I30 <AYIC(19),YAXIS(1N) Jon
DI -NGION XAXIS2(1),YAXIS2(1), PLUSI L) Jos
NIAZNIION XX (H3h) 3YY (6,6),77(6,6),PX(5,6),0X(6,6)RX(6,6),Pb,6), JO®
1002, 32(uyE)y¥ (0,03 3Y (6,5) 44 {E,5) Jne
DIATHSIN TON(E ), THITA2(10),PHIZ(10),PSTI2(10) Jon
0I4543I0H TAXSYS{LD) Joa
OIMTH3I0N THETAY (LM ,PHILL10) ,PSTL(LD) Jos
CO4MON HL,BAUL,I0M, T,y IHSTRT,, IHEND ,NDATA ,NORM, HH (1004) ,TOTL(1004);, JOB
1S(575) ,XXX(505),Y¥YY(505) Jon
COMMIL FHI5NL) , THHI50L) ,6FHIGN1) ,GFHI501),50FH{501) Jos
OIATH3INMN N(2,1012) Jos
1AL G Jon
COVMTIITOZ AN VY g 2%, Yo Hy Py N,R,PX N %, RY Jon
CO4aTt T4 Joa
COAMPI/STASYS/MAGS, ISINAL Jon
COHMO/IIFAY/ NOIFAX, THETA1,PHIL,PSIL,TAXSYS _Jos
COMYL/FORT/, SHELLAZFTERM,NFF . JOA
COMMIN JEG,L,STOTHL(349) ,STOPHI(349) Jos
C LAREL3 FG2 S2IM STATSS Jas
OATA TEU/3A4 G,8H GN,8H D,8H ANy 8H ALy, J1B
13u ns Jog
DETA XAXIS2/6MFIZILASY Jna
DLTA YAYIS2/EMENGLTSY/ Jos
DL T PLUS ZiHes Jng
SITA SY(1)/14e7 Jonw
0274 STA /6H 972 y8H & ,6H 772 ,AH 3 ,6H 5/2 ,J0B
1e4 2 s6d 327 48B4 1 sSH 172 354 0 46H ~1/2 46H ~1 L6H JOB
2372 yod =2 SbH =572 JEH =3 L84 =772 ,8H ~4 ,5H =972 / Jon
TAVTIALINGT (A1, 8),80IA (L), HR (1, 1)), (VIL,1),A01A(1),HN{1,1)) Joz
eIV VALZNRR (%014 (2532),4A2(1,1)) Jas
C26=1537.77. 14159755 Jng
L LARTLS FGR X,Y AN] 2 Jn
D . Joa
L£5Y=3 JIs
L87=1 Jne

WENONWME WY

11
12
13
14
15
16
17
18

20
21
22
23
24
25
26
27
28

3n
31
32
33
34
35
36
37
38
39
40

42
4%
41

46
47

49
50
51
52
53
5%
55

57
58

59

N0 140 I=1,3 Jan

140 GH(I)=17.N a9
c PUT NIAT.C7 1 FOR SAVIHNG OF LINES PRINTED Jn3
c PUT NLATWCN.0 TO STOP ALL ANGLES AND ANGLE CAPTIONS NSING PRINTED 4R
RTAD(7,5020) NEAT Jna

5020 FORMAT(IT) M8
5001 CONTINUE Jns
NOA*G=0, 0 41
RTADI(T,1005) SPIN JIR

1005 FORMAT(F1n,.4) 32
IF(SPTILLT,N,01) /D TO 5000 Jo8

Nz=2, 0*SPIN+L,2 Jas

CALL START(?) Jn

CALL PLOT(1.0,1.0,=3) N2
RZAD(7,90L) IHSTRT, THTND, NNATA, IDATA Je

901 FORMAT(4I%) Jon
WRITL(2,139) IHSTRT,IHEND,HDATA, IDATA g

10@ FORMAT (1%, 7HIHSTRT=,I5,0KIHEND=,15,8HNOATA=,15,6HINATAS,I5) ok
TF(I0ATALGT. 0)GO TN g0 ’ N3
RIAD(7,902) (S{I),I=1,NNATA) Jan

902 FURMAT{13F6, 1) Jia
WIITSL2, 101) (SLI),I=1, NDPATA) bl

101 FOIMAT(LX, 1 7HEXPLRIMENTAL DATA,/1X,13F6, 1) Jan
GO TO 9002 Jomn

803 0U 9301 JJ=1,NOATA 300
9001 S(JN)=0.0 Jan
9002 CONTIHUZ Jna
C  CALCULATLS STCUPLENGTH Jop
RR =IH"UD=IHSTRT Jas
INSNDATA =L Jos
DY=RR/DN 3

€ ALL IMTIGRAL FICLD VALJES EXCCPT IHSTRT AND IHZNO AZE INMILLIGAUSS JI5S
IUH=1N00.*0H+0. 5 J08
DH=INY Jon
DH=04/4ind0, g
REAN(”,93064) NORH,GAUHL,LPT Jn

904 FORMAT(3FS.1,I3) FRE]
W ITE(2, 102) NHy NORM,3A U, WL ,LPT o3
1021§?RHAT(1X,3HnH5,F10.5.5HN02H=,F1.1,BHGAu=,F3.1,3HHL=,F5.1,QHLPT=,IJ01
I8

HH {1)=0. Jna
TOTL(L)=n. 15

DO 988 I=2,1004 anh
J=I-% Ju9
HH{TI=4H (J) +0H 203

g0a TOTLII)=0, Jo=
I4STRT =100 IHSTRT NLE]
IHCHA=10 09*IHEND 98
RIAD(7,1095) NSPIN Jo3
NI=2%NSPTIN+1,2 ILE]

NS =N Joa

C CALCULATIS WHISH LADELS ARE NE-0ZO FOR SFIN STSTAS n"
IFII=10. 0+2, 0%NSPIN FUE]
ISTI=10,0=2,0*}SPIN Jon
IST=1349~2, 9*SPIN a8
IFI=17,0+2,04SPTIN 333
IF(NILEN.1) GU TO 152 na

ISAVE=ISTI

Jog

61
€1
g2
63
B4
E5
65
67
63
57
70
71
72
73

75
75
T’
73
73
81
2
82
57
a4
85
85
87
35
83
an
91

3%

L

95

95

97

ELY

93
141
171
102
113
10«
1n5
126
177
1173
173
113
1L
112
117
1%
115
116
117

602

e e e e e .




ISTI=IST
IST=I5LVE

I5\VZ=7F1
IFI=iFIT
IFII=I3Ave
152 Co-TIMUD
22AM(7,1051) O4PLOT
1061 FIZMAT(IT)
ITAN(7,5017) “AGS,ISINXL
€ PIADS In MICPIMAVE FAIAUC'IRY, 5 VALULS, D VALU® FOR Z NIRECTION,
€ AND ILGZENSHTAL STCP LZHGTH3 FOR CHANGING LA4PDA,
€ HLEY IS T4e WUMI R OF VALUF 9F LAMBDA 2CMIIRTD, STARTING FROM ZERQ.
¢ P27 (1,2) 15 Tol D VALUT., AMSTRP IS THE STZOLENGTH FOR VARYIMNG
g LL1775, NLAY IS THZ NUAR™2 OF VALUZS OF LAMROA Tn A% COMPUTED IN
c $33ITT011 T0 AMSTT, WHICH IS TME STARTING VALUT OF LAMIDa.
s I A7 MNSTD IF (IMPLOT.CAW N,
c IN (UHPLOT.Mee0) THMEH DCY(1,1) IS THZ STARTING VALUE OF D, ADA
e IS THT LANYIA VALUT, NOEV IS THE NUMOLR OF VALUES OF 0 TO BE .
c COPITZO I+ ANGITION TQ DEV(1,1)s OEVST IS THE STEGLENSTH FOR
¢ vAIYING 9

10090

23
1069

0oa0

24
30101

3371

5019

6011

3093
177

10827

3n21

aan

4729

IF (942L0T, M. 0) GO TO 2%
PIATUT L1011 {GLT) , T=4, 30,03V (1,1} JAMSTEPyNLAM, AHSTT

FORMAT (F7 14 3F7alg 2750ty I3 ,FL, #)

69 73 2t

BIAMT ,1067)F3 , (511,122, 3),ACV (1, 1),ADA,NNEV, DEVST

PG AT (F7e 193070 4,50 2,Fnetiy It Fboete)

DEJL, 1 TIZII1, ) =0:y5T

N34, STCFL A4 HINIT ARE THE NO., OF FIELD VALUES, STEPLENGTH AND
IMITIAL FIZLY FO® THI PESINANSE FIZLD SEACH. THE RANGE HERE
S47YLY 1T 4INTF THAY THCND = THSTRT
PTAY(T,3009) NULHy STERL,HINIT
FHT4LT (17,2F11,.8)

£283(7,3931) SHMALLA,TTE?M, NTERM, OR
FITMET (5F10,4)

PIIN(7,50117) AY,AY,A7
FI34AT(3F11.5)

2:43(7,1798) SISPLN
131224515711+, ?

IF(I31.21.1) 56 TO 3100
FT47(T,5917) ASX,A3Y,AS?

COITINUz

Lz T IeIsT

IF 11, 37.1) GO TO 170 .
22AT(7,3093) (55 (1) ,121,3)
FA34AT (4F 11, 5)

CONT T

#1507 ,1027) OLOTT

F321aT (I7)

PZAI7,3024) AHGYAR

792447 (I7)

FNI T2 ICUSAHIORAL APPROXIMATION,

L MUSTAS AN INTSGER SUCH AS
2109 MSLID), 2077 AUSLES),

F(33 ANGLES) , &4{T45 ANGLES)eesvoee

L yiv £_ PJT <rVUAL TO 0 FOR INCRZMERTAL CHANGES QF ANGLE.
FIAD7 L1227 L

IF(Lel n.a) 50 TN 4722

IF(LSN.4) MPYC = 9

IFiLelINe2)Y MOYL = 27

T LT W3 Yt = 53

JoR
Jon
Jos
Joa
JoR
JnA
Jos
JoR
Jan
Jon
Jne
Jos
Jon
JNB
Jo3
Joo
Jos
Jna
Jon
Jns
JOR
Jna
RPMC
Jns
Joi
Jn2
Jan
Jon
J21
JoR
Jon
JOR
JI8
JnR
Jog
JoB
Jan
Jon
Nol:]
Jna
Ji8
Jon
Jo8
Jas
k]
429
<08
Jos
Jo8
Jon
J08
Jon
Jng
Jon
408
Jis
Josg
3

118
119
120
12¢
122
123
124
125
126
127
128
129
130
131
132
113
134
135
136
137
138
139

1414
142
143
1oy
145
146
147
148
149
150
151
152
15%
154
155
156
157
158
1538
160
161
162
163
164
165
166
167
163
169
170
171
172
173
174
175

IFC(L.EN ) NCYC = 345
50 T0 4723
RIAD(7,3021) NCYC
READ(7,3000) HDIFAX
NIIFAX=NDIFAX-1
DO 3333 I=1,19
TAXSYS (1) =0
£ONT THUZ
IF(MDIFAX.EN.0) 50 TD 4719
0O 4716 I=1,NDIFAX
PZAD(7,3001) THETAL(T) ,PHIL(IY,PSIL(I)
D0 5018 I=1,NDIFAX
THETA2 () =THETAL ()
PHIZ (T)=PHIL(D)
PSIZ2(I)=PSILIT)
THITAL(I) =3, 16159 THITAL (T} /18040
PHIL(I)=3,16150%PHTt{TI)1/13%.0
PST1(I)=3, 14156*PSIL1(T)/130,0
PLAD(7,5017) IAXSYS
FORIAT (10I2)
CONTINYE
FEAN(7T,3002) ToOL
FORMAT (F10. 1)
FEAN(T,1027) NOPAW
IL3T=10, 0~2.N*SISPIN
€ CALCULATIS SI76 OF AUANTUM
HVY =F2%3, 33572« 06
BETA=he 66975005
RETAN=2, 542735~08
¢ CYCL. FOR VALUES OF LANRDA
NUAMSHLAMSL
TF(DHPLITANELT) GO TO 25
NX1=hL A
G0 TO 39
25 NXL1=HOUY+1
309 00 71 IA=1,HX1
IF(DHPLOT.NE.O) 50 Td 3410
€ CALCULATES LAMDDA AND ZEV
AMBDATIA) =(FLOFT(IA=1))" AMSTEP+AMSTT
EEY(1,1) =AMCDA(IA) *DIV(1,1)
GO TO 26
I10 CONTINUE
NX =9
DI(1, 1) =0TV (1, 1) +07VST
€84 (1, IAY=ROAROCY (1,1)
C TRANSFORMS D AND [ FOR X AM DY
26 COJTINIIL
IF (DHELNT.NSW ) GO TC 27
DEZV=DEV {1, 1) *ANAOA(IA)
WRITC(2 1%115°:u,usozu SISATN, HY
281 FUIMAT (LH1, 10X, 164=LI0TRON SPIN =
173.153%,224LIGAND NUCLTAR SPIN =
PuUHNH=1/7)
HRITZ(Z, 132016 (T),2=1, %) , (GNIT), I= 1,3),BETAN

4722
4723

3333

47148

5013

5017
4719

3902

»F3a1,55%, 1SHNUCLEAR SPIM
sF3e1,5X,9HENERGY =

182 FORMAT(SoX,;3H5 VALUZS/ 26Xy 3HTLLCTRON, 52X, THNUCLEAR/1IX45HGY =
1FBalty 2%,y SHGY

1F0e 92Xy BHEY = 4F3e%,2Xy BHGX = , FH, 4, 22X,5HRZ =
2F5. 432Xy BUARYX = JFR40, 2X/BNYGTHAZTA =
WO ITE(2,184) DOV(i,1),

3 F104892%, 4H{CM=1/7)
TPV, AMANDA (TA) ,SMALLS, FTSRM

mm =

b4

957 4342%,

399
Jo1a
Jos®
S22
Jas
303
3013
Jo32
Ja=
Ja3
Jaa
<na
333
Ja3
Jaw
403
o
Jns
Jos
Jo=
Joa
na
327
4313
329
JDR
BRL]
J93
J3n
k]
Fak
457
Jis
Jan
Jon
Jnna
Jl3
Jna
422
403
Joam
JNA
JI7%
413
Jo3
Ja3
Jan
Jom
33A
Jan
333
Jne
Jas
Jos
BL K]
Ja1
na
Jon

175
tv7
173
173
131
198
182
183
134
135
185
167
1313
133
()

o017




t ¢
184 FOIMAT(uBX42IH7ER0 FIELO TERNS (CM=1)/7X 44N = ,FiN.6,7X,6HE = 4, JOB 234 EJ(2yNTI=EJ(1,NT) 103 292
1F17. 63T, FHLAMADA = yF10,647X,LHA = JF10,5,7Xy4HF = ,F10,677) Jng 235 151 SE(2,MT) =SZ(1,NT) J03 293
WIITI(2,187) AT,AY4AX,AS7,ASY, ASX J9B 236 150 CONTINUZ 133 29
183 FISMAT(L9X,2240YP_IFINT TOMS (CH=1)/24X,11H0NN WHUGLEUS, 47X, Jos 237 C CALCULATLS FIZLD VALULCS Joa 295
L11e-LIGANTY WICLEUSZ 1179 5HAZ = 3 F7454 2Xy5HAY = 4F7,5,2Xy5HAX = , Jon 238 HOIM)=HINIT+STCPL* (IH~1) JOR  29%
2T 5,20, 3HAT = ,F7,5,2X,6HAY = ,F7,5,2X,5HAX = ,F7.5,2X//) Jos 219 C CALC'ILATZIS G7H TIRMS Joa 297
W2 1T412,195) ATERM,N? R 240 QUOTH{1) =BETAN* H{TH) *COS(THLTA) n2 293
185 FOTAAT(45X,224NUADRIP0LT TERM (CM=-1)/21X,10HAXTAL 0 = ,F10.6,39%, JO3 241 AUATNC2) 2NSTANHITH) *SINITHETAI*SIN (PHT) 2N
11242434315 N = ,F10,3/7) Jon 242 NUOTHL3) =NITAN“HIIH) *SIN(THETA)*COS (PHI) J3 300
W2ITI12,135) 108 243 QUATIL) =3TTA®HIIH) *COS (THTTA) 203 3y
166 FOIRAT (TuX,ETHAPIZUTATION OF TEMSG2S (TO 2570 FIZLO TENSDR) DEGREEJOT  2ub . AT L2)=RETA*HIIH) *STH (THZ TA)*SIN(PHT) Jox 302
1$/7224,54T.H4S0%, 19 ,5HTUYC TA ,20% , 3HPHI, 21X, 3HPST) Jon 245 MIOT () =BTTA*HIIH) *SIN(THE TA) *COS{PHI) Jim 303
DY 151 I=1,6 198 246 CALL TENSYSIA,G,6HyCEV,DEV NSy NIy IST,AX,AY,A2,ASX,ASY,AS2Z,QTERE, JON 304
IF(I.27.3) 60 T0 199 JOR 247 10, NUY0T, NUOTH) N3 1S
ASITZ02,137) TEM(T) - Jos 248 N=2xy N3 10
157 FATHATIL5X,48) JO3 749 L=0 Jns 307
187 WIITS(2,139) JOB 251 D0 57 IP=1,N JR 118
194 FOINATILH4,45X, 64 2,00,18%,6H 0,70,13%,64 0,00) - Joo 7?51 00 §57 IN=1,IP 48 303
192 COTINE J0B 252 L=l+g PRERERE U]
127 COWTINNT Jag 253 57 ADIA(L)Y=A(TIP,IM) o3 31t
W2ITC(2, 199) 139 254 CALL EIGEHCADIA,ROTA,Ny1? JI3 112
193 FISMAT /7D 4 Jo8 255 00 56 IP=1,N s 313
W2ITI(2,u721)00 OTT,ANGVAR, Ly NCYC, HIIFAX , NOPEH, TOL JR 258 L=IP+IP* (IP=1)/2 R 3te
L721 FUT44T(1X,5QH PLOTT ANGVAR L HAYC NDIFAX JOB 257 6 FL(IPY=ADTA(L} N3 315
1 nu2oy TOLy 7/511),F10.1,77) Jas 258 IYI=1 Ny 315
X,Y £47 I 3YGLS Jom 259 00 65 IP=2,N,2 Jia - 37
27 CRATIZINT JOB 260 ELIIY?)=EL(IP) 7 313
CALL THZOHI Jon 261 65 TYZ=IYZ+1 JR 313
23 00 2L uT=1,nm5YC a3 282 N=7,5%N+0.1 Jon 329
NDTYZTA = STOT'M (INT) Jon 263 IF(PLOTT«%N« 0)GO TO 60 Jog za2s
PRl = STOPHI(INT) 08 264 FIELN(IH) =IH Jia 122
73T = 0,1 JoR 265 00 20 HL=1,N FR RN £
THITA=DTHSTA43, 14159718040 0B 266 20 STORLI (IH,HL) =L LINL) J331 7w
247292414 3.14149/189,0 Jon 287 60 NTRAN=D 08 xn
FSI=CP57*3,14159/143,0 . JnB 288 MMIN=N-1 . Jr 324
NT (=3 Jis 769 00 3 “MIN=1,NMIN Jo03 327
1062 STHIT2=15%, 1*THILTA/Ta14159 JOR 270 3 NTIANz=NTRAN+KMIN Jaa 123
SPHI=1£7, 1*0UT /T, 14150 J08 271 0O & WT=1,NTPAN 428 323
SP3I=157,. 3%251/3. 14159 Jon 272 C FIMDS NUMBIRS OF LEVILS INVOLVED Joa 333
IFINZ2T,ETM) RO T3 11 08 773 . CALL LCYELSINT, IU,IL,N) ) Jog 311
IF (N1, 6Te 1407, 151.6T,1) 6O TO 1090 Jon 274 C CALGULATES NIFFERLHGE £J 8 332
WIITE(2,1197) STMTTA,SPUT,SPST,(STA(I),I=IST,IFT,2) Jos =275 ZJ 0L HT) =HY-CLOTU) #2LCIL) - e 333
1C02 FIINAT(IN//L¥,26HFI-LD AT ANGLE OF THEZTA = 9F6.2,5Xs104AND PHI = ,J0R 276 C FINDS SISN OF £J I3 3w
1FL, 235X, L 74443 PST = nn 277 S (LTI =S LGN, 2301, NT)) Jor 135
1554 2//7 1%, LIHTSLUSITION ;40X SHFIELD, 10X, 104TPANSITION, 31X, 14HWAVE FJ0B 278 C AVOIDS TSST WITH PREVIOUS RESULT IF I ENUALS ONHE 153 115
LUNTTIONS ZLX, THLETH N, 13X, SHVA LT, 19X, 11IHPR0BABILITY, 22X, Jas 273 IF(IH. S0 1) GO 7O B 3 337
245,27, 4% 52X 16y 2Ky ARy 2X,y A0 24, A6) 138 280 C COMPARCS SIGN WITH easvIpHS RESULT s 318
57 77 11 Jos 2et IF(SZ(LyNTI.EN, ST (2,NT)) 6O TO & Jha 133
1090 WA1T2(2,132) STHITA,SPHT, SPSI Jon 232 C ANDS NHE 70 TRANSITION COUNT Jo3 361
1952 FURMAT(1K/71%,26HCITLD AT ANGLE OF THCTA = ,F13.5,5X,104AND PHT = J08 283 C CALCULATES RUSOMANT FITLD JI3 3wt
1,F10,5,34,1044u0 25T = , Jna 23 HRZS=H (IH) -ARS(STIPLYEJ(1, NT)) ZABS(EJ(2,NT) -EJ(L,NT)) D3 32
2F 10,5771 Ky 1OHTRANSITION, 13X, 5HFIELD ;40X , 10KTRANSITION/IX 5 7HAETHSEENIIR 265 € ADJUSTS NunT Jo3 3R
2, 13Xy 5HIALYE, 10X, L14PROSASILITY) 18 236 QUOTN{L) =AZTANS H(IH) *CAS(THITA) J9g Tun
12 C3ITINUT Jos 287 MRTH(2Y =3 TANFHCTH) *SIH(THITR) *SIN(PHI) R 3as
FIiL) oYLz J33 288 AUOTHCT) =AETANYH{IH) Y SIN(THETAI*COS (PHI) JI3 345
N b5 Tz g HOH JOR 289 AT (L) =3 L TA%H(TH) #COSITHI TA) % L7
IF(IM.21.1) 60 TO 150 b3 290 QUIT (2)=BETAH(IH) *STH(THZTA) *SIN(PHI) Ja 345

U2 15L NT I NTIAY : Jos 291 QUOT (3)=2ETAH(IH) *SIN(THITAY*COS (PHI) JoB 349
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32

167

CoOUTINUC

cHIv=1,

CuAy=a,

£41ti=7,

EWAY=,

IF(ID2TA.6T.M FHIN==1,0
IF(IJ4TALGT. 1) CHAX=1.9

39 932 T=1,%404T#
IF(TUTLII) 6T, CHAX) CHAX=TOTLIT)
IFITOTLEIY LT, CHI D IHINTOTL (D)
IF(TIATALGT. ) 60 T7 232
IFLS(T)e 3TamMAX) % 484%=S ()

IF(S (D) LT L EXTINEHIN=S (1)
COTINE
W2ITE(2,177) ALY, TUIN, SHAX ,EHIN

FOIAT(1X, 240K, SHIY, “HAX, ZMIN=,4E13.7)

ESNYU=(Z43X=TF IN) 7 (CHAX=CHIN)
30933 I=1,u7474
TOTLII)=TATLIT) <0 109M

37 1373 I=1,130%

TF (L7113, %4-9{T) o LT, FLOAT{IHSTRT)) HH{I)aFLOAT(IHSTRT) /1000,

caNTINIT
IFIGAY,LT.1.) 6O TN 911

H2ITZ5 FITLD vulUIS A0 INTENSITISS

HW2ITE(2,927)

Jos
Jos
Jon
Jog
JoB
Jos
Jog
Jog
Jos
Joi
JoB
Jon
Jos
Jnsg
Jng
nn
JOon
J13
Jna
R4C
RMC
RMG
Jon
Jos
A

029 FI41aT{1d9, 71HMAS4ITIS FISELD VALUYZS ANO HORMALISEO INTENSITIES FO0J0OA
12 GRUSSTIAN LItk SHAPLY/)

42ITI2(2,921) (4RI, TOTLII) ,I=1,HDATA)

C21 FORIAT (LY F3,1,F1247,F 901y FL247)F2e1)F12,7)F941,F12,7,F9,1,F12.7,
1F3,1,712,7)

o1

G3 Td 30

“2IT2(72,322)

Jas
Jo3a
JoB
JOR
Jon
JOR

622 FOIMAT (1HY, 7IHMASNITIC FIELD VALULS ANO MDIHALISED INTZNSITIES FOJ08

FUTS

e3n

551

17 LSIINTZIAN LINISHAPLY)

HAT™(2,924) (HHII) ,TOTLII) ;I=1,NNATA)
FIZLD FaLYIS IN M4 EHD I IH

I323 =04 TA+L

I92=2%40A7

73 %31 I=I3°1,I102

Jr({I=T221)+1

ToTLLTYI=C2( )

T4 2 LIHSTRTYI # {(I=I021)# I0H)

HH{Z)=T4HIT)

HY{Z)=H4(I) /1710,

IF(IJATAGT.N 60 TO 969

A2IVI(2,73W)

FORAT (140, 2140 XPSRIMENTAL SPECTRFUNY)

WOZYI (233200 (MH (D), TITLIIY ,I=I071,I02)

CoaTIvNNE

7Y 65y Iz1,I19?

ISR EET] 5 §)

M2, =TOTLLI)

CanTIHUT

CALL PIMIST(N,ID2)

H3LNT22

CALCI4F WUTINES

SALu S3ALT(RIG10,0,102,1)
CAtl SCALEA(TOTL,8.%,102,1)

Jos
JoR
Joa
Joa
JoR
i
JOR
Jaa
Jns
Jan
Jon
J28
Jns
Jon
Jng
Jos
Jos
JOR
Jon
Jos
JOR
Jar
Jop
JoR
Jog

936

935

5000

YrIN=-TATL(I02+1)/TNTL(IN2+2)

CALL AXIS{24¢0,YMIN,SHFIELD,=5, 1040, 049, HH{IN2+1),HH(IN2+2))

JOR
JoA

CALL AXIS{N.0,0.0,15HSIGNAL STRENGTH15,840,9040, TOTLIIN2+1),TOTL(JIR

1In2+21)

XXX {NDATA+L)=HH(ID2+1)
XXX (NDATA+2) =HH(IN2+2)
YYY(HIATA+1L)=TOTL(ID2+1)
YYY(NDATA+2)=TOTL{IN2¢2)
DO 935 I=1,NPLOT

00 93w J=1,NDATA
JIzJenNATA® (I=1)

XXX (J) =HH(ID
YYY(J)=TOTL(JS)

K=2=~T

KK=LPT*K

CLLL LIHEC(XXX,YYY NNATA,1, KK,K)
GO TO 5001

CoNTINUYC

CALL ENPLOT(30.0)

STOP

ENO

Jo3
Jon
Jng
Jis
g
Join
Jna
J3s
Joe
Jan
Jo3a
Jo3
Jon
J3n
Jip
R
Jne
Jos

537
618
533
660
6L1
6.2
o643
b4k
645
646
547
549
649
&t
651
65?7
653
65L
655
31
637

- %71¢




409

SUIS0UTINZ SAULOR(HSTAR, ONDH,DTHETA,OPHI)

CO 4104 HL,GiU,TDH,O4,IHSTRTpIHEND,NDATA,NORH,HH(IDQ#),TOTL(IDO#)’

1S(575) 4 XXX (505),YYY(505)

CO143 FHI574), T4 (503),DFH(5N41),GFH{S501) 460FH (501)
COM40y 2 102,63

COMOY JE5,L,3TOTHI(349),STOPHI(ILG)

RIAL "uM

H3TAR=33S (N3TAP)

SHIH=)IMRINOM

ITHZTA=NTHITA+0,5

IP4I=9PuIsn, S

IFGITATTALS2,90 «NR,IPHIL.ZN. 8N L0R, IPHILET. 0 ) ONNH=DNDH/2,.
IFEITASTACT TN AT19, 1P T0.0 } DNIH=UNOR/2,
TZUITHLTALSY,97 «ANILIPHILENT ) DMDN=DNHNH/2,
IC(ITHLT AT 29 «ANYGIPHILENGGT ) INDH=DNH/2,
I2=1377%, *4L+1. T

IH3TAZ=HSTAR 100N, 40,5

naA=nag

IF{GA,G7a1s) 50 TO 430

IF(GRLLT.1s) 50 T9 491
IF((i4STA2+2%T0) ¢ LTe IHSTRT 4 ORe (THSTAR~2*¥IA) 6T, IHENDIGO TO 600
THH4I=TH;T43+24 T4

IHLG=TYSTaAL=2%]A

59 T 32

402 IFCCIASTA¢4%I2)aLTo IHSTRT «ORs (INSTAR=4*IA) GT, IHEND)GD TO 600

€2

&3
Logy

123
124

905

THHT=T4STA+L*TL
I4L0=243TA=w2TA
CuTINC

09 223 I=1,L0ATA
IFICLD=IHS TR =1 +I*TDH
IF(CT ILI~-IFTZL0YLGT.INH) 50 TO 123 .
izl

IF(I,_Ny1) vi=g
IMLA=IFIFL)-INN
IF(I.27 1) IHLC=IFIELD
IF{544LT,1.160 TO 403
THHI=TuLO+4*IA

63 T L3

IA4T=TH_ N+ 92TA

COATINZ

650 1L 124

ST

IDI0T2 = I44I-THLO) /I 0H+1
I P [N

¥2z1«I05LTA
IF(GA.5T.1,) AL T3 305
SO 915 J=1,NNATA
AN =

Fu(ly=1

00 937 J=(1,v2
IF(J,RT.h3aTA) 6O TO 9178
IHA0)Y =IO+ (1=X1) +I0H
nf {1y =I4H0())

HY CJy=~4={J1/1910.
IZ(244 ()0 3T, 2dBTIGN TG 998
D=4 ( 1)=HSTAR

OFHEJD =0 (a%20*%3) /7 (3 1415) Y * (DHOH*D) /(1. +AL#AL#D*0) #42) *OH* (=1,)

F{51=FY (3} +2FH( )

Jos
Jo3
Jog
Joa
JoR
Jo3
JOR
Jos
Jog
Jns
J0g
JoR
JoR
Jo3
Jos
Jn
Jos
Jog
JG3
J1n
Jos
Jos
Jan
JOR
Jog
Jon
Jns
JoAa
Jo3
0
Jog
Jog
Jna
Jos
JoR
Jo3
JOR
Jar
Jag
J08
Jos
JOo3
J08
JoR
JoAd
Jo8
Jon
JOR
JOR
Jos
NhL]
JoR
Jon
Jos
JoB
Joa
Jo3
JoR

658
653
660
661
B&2
663
664
665
666
667
668
659
G678
671
R72
673
AT4
675
676
677
AT78
679
6480
681
637
683
684
6A5
586
687
668
6509
630
651
692
693
694
695
596
647
€93
599
700
701
702
703
704
705
716
707
708
709
710
711
712
713
714
715

907
508
9180
905

13

25
23
22

26
600
912

CONTINYE

CONTINUE

00 9117 I=K1,K2
IF{I.GT,HOATA) GO TO 600
TOTLLII=TOTLII) +FH(T)
IF(GA.LT.2.) GO TO HBO
D0 13 J=1,1NATA

GAF( =0

GFH{JY=0"

00 23 J=K1,K2 .
IF(J.GTLHNDATAY GO TO 22
THH (D) =TULO+ ( J=K1) #I0H
HH () =IHH( )
HH{J)=HH [ }) /Z1n0an.
IF(IH4(JY 4 GT.IHKII G TO 22
G=HH () =H3TAR

GAFH(I)= (D2 *AL¥AL*AL*DNDH*G) /{1, 7725%2, 7183%*(ALMALYG*G) I * (=1,)

GO To 25

GFH{J) =GFH(J) +GOFH{J)
CONTIMW

CONTINDZ

0O 26 J=K1,¥2
IF{J.6T.NIATA) GO TO KOO
TOTLLN) =TOTLLDN +GFHI D)
COMTINUE

RZTURN

END
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The gyromagnetlc ratio g = ]i/p'is the factor for
convertlng angular momentum to magnetic moment. The

Bohr magneton ﬁ is the unit of quantization of electron

magnetic moment.
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Oxygen activity cannot be taken as lO-S/N, but consider

F N
ke

EX)
T

the ¥ reaction 5.4 as being an equilibrium. Initially

v Sk - SN

ERE=L VA —

no 0 will be present. Under the hydrothermal conditions

AW el

the equilibrium oxygen activity (forAG = 0, E = 0) is

L.oh x 10-17. The corresponding oxygen concentration will

el ALt g
AL SN

j be formed and could be removed from the system by two

-+ routes:

5 1 formation of O2 molecules which can then go into the

crystal, or

2 direct induction of 0 atoms into the crystal lattice,

where they would be stabilized.

The reaction 5.4 will then maintain the equilibrium

¥ concentration of 0 in the growth medium.



