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ABSTRACT

Vapouf phase rﬁbies were examined by several
techniques. X-rays showed that the c-axis varied from place
to place in each boule By up to 3°. Superimposed on this
'wﬁs a distribution of mosaic structure with the c-axis |
varying from grain to grain by up to 3°. Annealing did not
. improve these imperfections. Boules grdwn in the 90°
orientation showed less mosaic than those grown in other
orientationa; Polygonisation, observed by Scheuplein and
Gibbs (1960), provided an explanation. X-ray examination
of corundum gave similar results. The random dislocation
density revealed by etching was about 10° dialocations/cm?
in corundum and ruby, therefore, adding chromium did not
produce dislocations. The imperfectiocns did not correlate
with the boules! crystallography. The paramagnetic resonance
linewidth increases with the imperfection in the sample and
this increase is angular dependent. The basic linewidth
depends on the chromium concentration. Sample 337c¢ showed
little angular broadening in the + 3 to + 3 and the - 3 to - 3
traneitions. In G2a the latter transition showed a maximum
" broadening of about 2% times near the polar angle L5°.
théys showed that ezch sample had similar c-axis

misdrientations but gza'contained much more mosaic than 337c.




- ii

The miéorientation predicted by the broadening GRa is 0°
25t, The - % to + 3 trangition in 337c was about 22 oersteds
wide and did not vary much with angle. In GRa this transition
breadened to 33 oersteds at polar angles bS and 30 . The
.chromium concentration predicted from the basic linewidth
“at 55° ‘in both samples is 0.43 weight % of chromium. The

- concentrations glven by chemical analysis are O. 052 weight %
for 337c and between 0.02 and 0.032 weight ® for Gza.



141
PREFACE.

A My supervisor and I joined the Department of
Applied Phyeics on the same day in October, 1961. Since
thntuday a large number of people have exerted a
coﬁsiderable amount of effort to help us erect the
spectrometer and its anciliary units which I have used
for the measurements on maser materials reported in this
thesis. A few of these are &knowledged on page iv. The
spectrometer is described in'chapter five and the
meagurements made with it in chapters six and seven.

‘ Chapter.four contains the basic theoretical work for the
measurements which were made. Besidoa the microwave
resonance work, I have made some X-ray and chemical

etching measurements in order to investigate points cloaely
related to the main theme of the thesis. These are reported
in\dhapters two and three. The first éhapter is a general
survey of the background to the work while the final

chapter contains a survey of the work performed and some

'suggeationé for future work.

D,A.Curtis.
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CHAPTER ONE.
INTRODUCTION.

Introductory comments; descriptioh of the
growth process of ruby; -ray, chemical
etching and ﬁicrowave spectroscopy tech-
niques for examination 6f single crystal

- boules; relevance of chemical imperfections.

INTRODUCTION. .
 Gordon et al. (1954) coined the word maser with
reference to a gaseous system. Soon afterwards Combrisson et al.
(1956) and Bloembergen (1956) discussed different modes of maser

action in solids. It was quickly realised that these solid
state déviceé Qould have important applications in communications
as.well as in scientific and defence systems, and a large amount
of work was initiated on the research and development of these
systems. The obvious uses of masers were as sensitive,ldw noise
amplifiers and as stable, low power signal generatorsin the
millimetre and centimetre wavelength region of the spectrum.
Ruby was one of the materials used in the early masers
and ‘it is still a common choice. It is also a common choice
for solid state lasers which were developed after the maser. To
satisfy the demand for crystals to be used in these devices,

several sources of artificial material were developed, and it soon
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mager or laser material,

. The work described in this thesis is an examination of
crystals of ruby grown by flame fusion from the vapour phase
(K.H.Jack and G.W.Stephenson, private communication). The aim
was to determine the type and distribution of imperfections in the
boules. In particular physical imperfections were studied but
chemicai imperfections were considered when they were relevant
to the work. Aieo of interest were the effects on the paramagnetic
feéongnce spectrum of physical imperfections in a.sample.

GROWTH PROCESS.

Ruby is Alzo3 with some of the aluminium atoms replaced
by chromium atoms which are usually triply ionised. Most of the
material examined was grown by flame fusion from the vapour phase.
In this process the cheﬁicals are fed into a furnace as vapours
(Figure 1). Inside the furnace they react in an oxy-hydrogen
flamé and the unﬁanted chemicals are swept away by the gas flow
while the remainder are deposited on a suitably placed seed
crystal to form the boule. Normally halides of aluminium and
Qhrom;um are used as the source vapours.because they can be
produced easily and are vaporised readily. An example of the
reactions involvea is

RAl1 + 3012 —> ]AlcCl, ,

BAlCl3 + 3H20 S 6HC1 + A1203.
A chromium halide is introduced similarly. The advantage of using
gaseous feeds is that the starting materials can be produced in a

very pure state and so the resulting boule contains very few
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unwanted chemical impurities.

The seed crystal is carefully orientated in the furnace
and during‘the growth process it is withdrawn at such a rate that
the sﬁrface on which the fresh material is Being deposited is
‘always in'the same plané in the furnace. While it is being
withdrawn it is also rotated and oscillated laterally in order to
bhelp distribute the chromium uniformly across the boule. The
growing temperature for the material is 2050°C, and because of the
large température gradients in the boules, they are highly strained
on removal from the furnace and are difficult to handle without
fraéturing. The temperature gradients within the furnace are
reduced as much as possible by using baffles and subsidiary
heaters. Due to the nature of the growth process, with its long
cooling off périod'in the furnace, every sample is partielly
anneéled on removal, but even so it is wisest to anneal the samples
: fqrther after growth by heating them to temperatures approaching
2000°C for severalvhours and then cooling slowly.

_ The boﬁles examined were grown in thrée different
growth directions, the so call§d Oo, 73° and 90° directions. That
.‘is the crystallographic c-axis of the seed crystal, and also of the
resultant boule, was at Oo, 73° or 90° té the direction of
withdrawal of the seed from the furnace.
TECHNIQUES FOR EXAMINING CRYSTALS.

X-ray, chemical etching and microwave spectroscopy

techniques have been used to examine the boules of synthetic ruby
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produced by the growth process described above.

Many sophisticated X-ray techniques exist for studying
' defects in solids. Lang (1958) developed a technique by which he
wae able to observe individual dislocations in the body of a’
‘material. Dislocation densities up to,lO8 cm"2 can be studied
in materials by analysing rocking curves from a double crystal
speétrometer using the method developed by Lambot et al. (1953).
Stréin throughout a volumé of crystal lattice can be detected
using a method due to Guinier and Tennevin (1949). This technique
has been applied to ruby (J.R.Prior, private communication).

The Laue technique is not so sophisticated as these but
it is a very versatile technique (K.Lonsdale, 1959) and can
furnish information on crystal orientation, polycrystalline
- structure and strain in a lattice. Thiswas the method employed
in the work described in this thesis.

. Horn (1952) showed that the position of a pit produced
on the surface of silicon carbide by chemical etching indicated
where a screw dislocation intersected the surface. Since this
demonstration of the relation between chemical etch pits and
. dislocations in solids many materials have been studied in this
2way.' Scheuplein and Gibbs (1960) carried out an investigation of
"synthetic corundum, undoped A1203, using the etching technique.
They observed etch pits on the (000l) plane, which they
attributed to prismatic élip, and on the {lOIl} , .{202;} and

neighbouring planes, which they attributed to basal slip. The
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surface density of the pits on the latter was ten times that of
the pité on the former.

Ellis (1955) gave two requirements for a chemical if
it is to be suitable for use as an etchant. They are, firstly,
that ﬁhe etching shall be slow, and secondly, that the etch must
attack some other crystal face faster than the one under study.
Méléka (1958) put forward two more conditions for an etch to
satisfy in order to give greater clarity, especially when working
on materials with low dislocation densities. These are that the
etch pits should not be large compared to the distance between
them and that they should not be randomly distributed due to a
| general attack on the surface.

Microwave spectroscopy is the study of materials using
the interactionvbetween an electromagnetic wave and a magnetic or
an electric moment. Nuclei, atoms, molecules, crystal defects and
conduction electrons can have suitable moments. Here the interest
was in electron paramagnetic resonance in solids where the
interaétion was with a magnetic moment produced by an incomplete
electron shell in the atoms of one of the elements present in the
solid. The resonance interaction between the magnetic moment
and the electromagnetic wave can be described in several ways.

Bloch (1946) developed a'phenomenological approach
‘which he applied to hucleér magnetic resonance in liquids where
the magnetic moments of the nuclei did not interact strongly

with one another. The theory showed how the indlvidual magnetic
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moments precess around an effecﬁive magnetic field produced by
a large steady field and a circularly polarised élternating
field of frequency Yo. The precession about the effective
field shows amplitude resonance when Ve equals the precession
frequency Y . This basic theory has now been extended to solids
and electron paramagnetic resonﬁnce where it is mainly used

to describe transiént phenomena.

, The optical analogy to paramagnetic resonance describes
it in terms qf»éhe distribution of population of the electrons
of the baramagnetic ion in its energy levels. First the energy
levels are calculated and then probabilities for transitions from
one level to another. The probabilities vary with frequency and
_increase to large values at resonant frequencies. This is
analogous to‘optical spectroscopy and demonstrates that electfon
paramagnetic resonance is spectroscopy at microwave frequencies,
There are, however, several siight differences. Electron

| béramaghetic spectroscopy is absorbtionAspectroscopy while
optical spectroscopy is usuallyremission spectroscopy from
ekcitgd electron states in a éas discharge. Also the microwafe
technique uses the Zeeman effect to overcome partially the
difficulty of obtaining power sources over a wide range of
'frequencies to suit all energy level splittings. The magnetic

_ field alters the energy levels and this change is adjusted so
fhat the available sourée of power causes transitions, which is

| a more flexible technique than trying to alter the sourxe

frequency.
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Calculation of the energy levels shows the importance
of the resonance technique. They are very sensitive to the
structure of the solid and so the spectrum is sensitive to the
strﬁéture as well.

The model of the interaction which is best suited
to the description of the spectrometer used in this work depends
on ﬁhe results of the theory of electromagnetism. The mean
power Pm absorbed per unit volume by a material whose volume
magnetic susceptibilitj is 7L|‘J'Kg from a time varying field
of amplitude H is

Rn:W-w/%¥2H2 1.1
 where & is the pulsatance of the magnetic field and /Mo is the
permeability of free space. 7Y%, and X, vary with frequency,
figure 2. . In particular X3 shows a sharp peak in its
variation with frequency soAthe power absorbtion shows a
corresponding sharp maximum.

The spectrometer, which will be described fully later,
ﬁorked at frequencies around 35 Ge/sec. The three main
parameters which describe the transmission of power down a
waveguide are the power P, the frequency Y and the standing
wave raﬁio r. The last parameter is pelated to the voltage
reflection coefficient I’ which in turn is related to the circuit

Q values where Q is a quality factor defined as

¢) x total energy stored 1.2
eriergy Josses per second ’

As éhe energy losses vary, the value of Q varies, so if the losses
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depend partly on Yaa measur,emenﬁ of Q provides some
information on Y.

A The curves of figure 2 can be obtained by the method
described by Bloembergen et al. (1948). These workers
calculated the power absorbed by the electrons from an
electromagnetic wave using the quantum mechanical theory of
transition probabilities and the Boltzmann distribution of
electrons throughout the energy levels. This expression for
power absorﬁtion is equated tq the expression given in 1.1 and
so VYq is 6btained in terms qf transition probabilities and
electron populations of energy levels. The transition probabiliti«
show maxima at certain frequencies and so does Yg. By using the
Kramérs - Kronig relations an expression for ‘¥; can be obtained
as well, and this also has significant values only near certain
resonant frequencies.

The value of the energy stored in a resonant cavity
depends on ¥, so the Q value fcrAﬁhe cavity is altered by
changes in W . Both ‘Y1 and "¥2 change rapidly near the
resonant freqguency and to differentiate between the effects of the
two requires great care in the construction of the spectrometer.
One wﬁy to differentiate between the real and the imaginary parts
of the susceﬁtibilities is to vary the signal frequency in such a
way that the cavity is always at the peak of its reeonance and
the terms containing the real part of the susceptibility

disappear. An alternative way is to use a waveguide system which
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can be adjusted so that only '14 or ’lz is detected but not
‘a mixture of the two. A maglc tee can be used in this way.

An important parameter to consider in the construction
of a.mierowave spectrometer is ﬁhe sensitivity of the instrument.
The sensitivity is usually defined as the ratio of signal voltage
to noise voltage. For the highest sensitivities a large signal

and & system which produces very little nolse are required. The

best’signal is produced by using a cavity with a large unloaded Q

value and containing a sample of such a volume that its dielectric

losses reduce the Q value to two-thirds its original value. This
cavity'hAS to be suitably coupled to the rest of the waveguide

system (Fehef, 1957). Assuming & suitable arrangement has been

made to maximise the signal there are several systems for detecting

it which have different nolse properties.

Possible sources of noise are the klystron, the
detector crystal, the amplifier and the recorder, and if the
cavity is in boiling cryogenic liquids or the klystron is cooled
by a‘powerful fan, microbhonic'noise may be present. DBy careful
choice of the amplifier and_careful mounting of the various
components, noise due to the amplifier and microphony can be
reduced. The klystron noise may be very difficult to improve.
Voltage variations on the electrodes of the klystron should be
reduced as much as possible. If the system contains a magic tee
it can be adjusted so that it rejects the noise carried by the
microwave power. It is most effective when detecting ¥a2.

Feher (19%7) described the action of the magic tee in terms of
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variations in_voltage reflection coefficients, while Bloembergen
et al. (1948) preferred to describe the action as a
superheterodyné system which had an intermediate frequency of zero
which effectively reduced the total bandwidth and also the noise
passed by the system. The biggest source of noise is the
‘detector crystal. The noise temperature t of a crystal can be
written as (Uhlir, 1963)

| t =t +A/f 1.3
where tw is the "while" noise or combined Johnson noise of the
crystal impedance and shot noise of the barrier. A/f represents
the f;ickeﬁ noise of the barrier where A is a constant for any
particular crystal and f is the signal frequency, that is the
modulation frequehcy, not the carrier frequency. tw is
apprdximately equal to unity so t is given closely by A/f when
f ié very small. By artificially modulating the signal at a
_ high;frequencf f, the noise temperature becomes almost equal to tw.

There are four ways of modulating the signal. The

magnetic field can Be modulated with such a large amplitude that
it completely sweeps through the line. This is usually performed
at audio frequéncies because of the large power required to
overcome the self inductance of the modulation coils. After the
detector the éignal ia amplified by an audiofrequency wide
 band #mplifier and then displayed on an oscilloscope. An
élternative modulation system uses phase sensitive detection where

a small amplitude magnetic field sweep is combined with a slow
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sweep of the main magnetic field through the line. 1In this
way a very small part of the line is covered by the small
amplitude modulation at any one time while the whole line is
qwept out by the main sweep in & period of several seconds.
After the crystal is a phase sensitive amplifier tuned to the
frequency of the rapid modulation and followed by a recorder.
It has a very small bandwidth and can be operated at frequencies
of the order of 105 c/sec because only small subsidiary coils
are required to produce the magnetic field sweep. These two
factors mean that the system passes very little noise to the
recorder. This system records the derivative of the lineshape.
- The simple large amplitude audio frequency equipment

can be improved by beating the carrier frequency and signal
superimpoéed on it with a second frequency 40 or 50 Mc/sec away.
This means that the detector crystal works‘in a frequency
region where its flicker noise is insignificant. The actual
freQuency used as the intermediate frequency in this
superheterodyne system depends on the noise properties of the
intermediate frequéncy amplifier. Amplifier noise usually
increases with increasing frequency. Therefore there is an
optimum intermediate frequency at which to operate found by
balanciné the decrease in flicker noise and the increase in
amplifier‘noise.

A fourth médulﬁtion technique is to modulate the

frequency through the resonance. This method can be adoptad
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to separate ), from Yyas mentioned above. It has the drawback

that distortions are introduced by any frequency sensitive part

of the circuit. For powers above 100 mW bolometers make excellent
detectors. They can only be used at low freqencies and they
operate best.at higher powers because their conversion gains are

| best then. However, they have an optimum power level for operation
due to signal generator noise. Crystals also have poor conversion
gains at low powers, but their noise power increases with power

so they have an optimum power level for operation also.

The aim of spectroscopy is to correlate the various
observable parameters with the Structure of the atoms responsible
for the spectrum., The most easily observed parameters are the
energy level spacings, the effects of electric and magnetic fields
on these spacings, the selection and polarisation rules of the
transitions joining the energy levels and the relative intensities
and linewidths of the various transitions. In principle all these
points are known from the initial and final states & the
transition. Here the interest i1s in the linewidths of the
transitions because they are influenced by a variety of mechanisms
in the so0lid which can, therefore, be studied by making careful
observations of the linewidth.

The complete theoretical solution to the problem of
predicting lineshapes and linewidths is insoluble with present
techhiques. It requires the solution of the energy levels of

many interacting ions. However because of its importance much
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work has been done on the problem. The three main aims have
been to evaluate the form of the lineshape, or the moments of
the lineshape, or the magnitude of the linewidth. The second
two aims. have received the most attention. Pryce and Stevens
(1950) gave a general theory of moments‘and linewidths which
has been‘épplied to the case of ruby by many workers. Anderson
and Weiss (1953) performed a calculation which could be applied
to the lineshape of ruby, but it does not appear to have been
éo far.
The work of Van Vleck (1948) on moments and linewidths

cannot be applied directly to ruby because he sﬁecifically
, neglected the effects of the crystal field in his calculations.
More recently O'Reilly and Tsang (1962) have attempted
calculations on the linewidths and moments of nuclear magnetic
resonance lines using lattice harmonics and they intend extending
their work to electron paramagnetic resonance lines. Bersohn
| and Das (1963) have used techniques of statistical mechanics to
simplify the summations involved in evaluating the moments of
lines and Klauder and Anderson (1962) attempted a theory of
lineshapes in terms of stochastic procssses. All this work has
illuminated the various mechanism in solids which can contribute
. to the width of the lines even if it has not as yet produced the

complete solution to the problems.




CONCLUSIONS.

An indication has been given of the general background
of the work contained in thisvthesis. The growth process of the
ruby samples uéed has been described and the techniques which were
uséd to examine the crystals introduced. Thege techniques
were aimed at elucidating the physical imperfections in the
grystals but they also have some bearing on the chemical
imperfections._ This was particularly true of the spectroscopy
wdfk.. of the'meﬁhods used to ihvestigate the samples the
spectroscopy seems the most suitable because the material was

examined in conditions closely similar to those of maser operation.




CHAPTER TWO.

X-RAY STUDIES.

Experimental technique; method of analysis

of measurements; results of measurements;

discussion of types and magnitude of imper-

fection revealed; conclusions.

EXPERIMENTAL TECHNIQUE.

The ruby specimens were examined using the Laue back
reflection technique. White radiation from a copper target was
used. The focus of the target was 10 mm by 1 mm and it was viewed
perpendicularly to the longer side between angles -1° and +8°,

The tube was run at 4O kV and 20 ma. The camera consisted of a
flat film holder and a goniometer mounted on & base. Through the
cenﬁre of the film holder passed a collimator which was held
perpendicularly to the holder. The goniometer had facilities for
rotation about three mutually perpendicular axes and for trans-
lation along two mutually perpendicular horizontal directions. The
samples were mounted on the goniometer and the camera adjusted so
that the X-rays from the target passed through the collimator,

fell onto the sample and were reflected onto the film,

A choice of collimators and of film-sample distances was
available and the actual combination used depended on the detailed
requirements of the experimeﬂt to be performed. Increasing the

'film-sample_distance increaeed the accuracy with which measurements
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of the angles thiough which the beam was deviated by different
planes of the crystal lattice could be measured, but it also
increased the size of the image on the film and so made accurate
location of the centre of the image more difficult. Another
effect of the larger film-sample distance was to increase the
exposufe time. Increasing the length of the collimator, or
decreasing its diameter, increased the accuracy with which the
centre of the image could be located.but it also increased the
exposure time and the gain in accuracy had to be countered against

the increased length of the experiment.
The system most often used consisted of a collimator

7:33 cm long with holes 0.0635 cm in diameter and a film-sample
distance of 3 cm. 'The angular diameter of the beaﬁ was

calculated as 0-017,4 radians and it irradiated & circle of
diameter 0°09 cm on the samples. If ﬁhis beam was deviated from
the incident direction by 45° when it was reflected, it was
calculated that it would produce an image of size 0:16 cm by O3 cm
on the film. The exposure time for this arrangement was 90
minutes. Using the same collimator and a film-sample distance

of 5 cm increased the illuminated diameter on the sample to

0-12 cm and the dimenaions of the image to 0:25 cm by 035 cm.

The exposure required was lihours. Other collimators were
available including one which required exposure times of less

than one hour. The largest filmgsample distance it was

convenient to use was 5°5 cn.

To facilitate carrying out the X-ray work, a brass disc
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was made which had two 30° sectors diametrically opposite to
each other removed. This disc was fitted over the film with the
collimator passing through its centre. With this disc three
geparate exposurescould be taken on the same film, figure 3.
Usually the specimen was translated horizontally parallel
to the film bétween exposures so that on one film three exposures
of adjacent regions on a straight line across the sample were
obtained. The fact that only one-sixth of the pattern was
revealed in each exposure did not affect its analysis. Enough
of the pattern of spots was revealed to allow it to be performed.
The Laue technique'has the disadvantages that it is
not as éensitivé or as accurate as some other methods and that only
a small volume at and immediately below the surface of the sample
is examined in any one exposure. It has the advantages that it
is simple to perform and to analyse the films and that the
specimens do not require any special preparation. This meant
that iflwas possible to examine material as received from the
manufacturer.

RESULTS. |

Bach exposure gave information about the orientation
of the specimen, the strain present in the specimen and the
presence or otherwise of polycrystalline material, referred to as
' mosaic. structure, at the position on the specimen where the
X-ray beam was incident. If the volume illuminated was good
gngle crystalline material then good sharp images were produced
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on the film, figure L. The dimensions of the images agreed
with those predicted from the geometry of the system. The angle
between the direction of the incident beam and the direction of
the c—dxia was calculated from measurements of the film-sample
distance and the position of the image due to the (0003) plane.
This was done in preference to uging a Greningér chart

(Barrett, 1952) becaﬁse it gave more accuracy. If strain was
present in the mﬁterial this was revealed by asterism of the
images. No quactitstive measurements were made of this.

The presence of mosaic structure was revealed when a
single image from one set of planes broke up into several
separate images due to the presence of several crystallites
each slightly misorientated with respect to its neighboura,

. figure 5. The angle of misorientation between two adjacent
elements was calculated using a method based on figure 6. Q' and
R! are the images produced by the plane (hkil) in neighbouring
crystallites. A and B are the images produced by the (0003)
plane in the neighbouring crystallites. Normally they were
not visible on a photograph because they were formed near to the
centre of the f£ilm and were obscured by the collimator. The
bérpendicular to the (0003) plane is the crystallographic c-axis.
It is assumed for this calculation that the c-axis of one of the
crystallites is perpendicular to the film. This assumption was
rarely correct but the c-axes were never more than two or three
degrees from the perpendicular so it is & reasonable

approximation to make.
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A gset of spherical coordinates is constructed such
that Oz is perpendicular to the film, the.pllne Ox 0Oz contains
the other c-axis which is not perpendicular to the film and
-the plane Oy Oz contains the ¥~ray beam producing the image Q'.
Thw X-ray beam producing the image A is translated into the
beam producing the image B by & rotation of angle « about Oy.
The beam OR which is reflected from the:(hkil) plane in the
second‘crystallite can also be found by making a suitable
rotation of X about Oy from the direction 0Q. R and Q are
on the surface of a cone which has Oy as its axis
of symmetry and ﬁ?g =&, From figure 6

o« = Bfces & 2.1
where /g = RSQ = R'/(;Q and & = A6\Q'. & and /f can be calculated
from measurements of the film-aample distance, AQ' and R'Q'.

From the elementary property of reflections which
states that the angle of deviation of & beam increases in
magnitude at twice the rate of increase of the angle of
incidence, the variation in thé c-8xis direction between two
neighbouring crystallites, the mosaic misorientation, is “%L

Qe saﬁisfiea the requirement of being in the plane
Oy 0Oz when Ang' is a right angle. Images which satisfied
‘this requirement were chosen by inspection of the photographs.

A simple case of 2.1 occurs when 9 = 0°. Then the images

Q' and R' lie on a radius of the collimator hole. In this




-20-

,p#rtiéuIAr case 0OQ need no longer be in the plane Cy Oz. If
the tangential ﬁr.radial distripution cannot be observed on
a photograph the existing mosaic may be resolved into tangential
and radial components and the resultant taken. This can be
done because the angles & and ﬁare small., (See figure 7
which shows a similar situation in the case of c-axis
misorientations. )

Examination of a series of specimens showed that
good single crystal material and poor mosaic material could
exist in neighbouring régions iﬁ the same specimen. Figure 3
‘showﬁ this. The expdsures in the'figure were about 3 mm apart
on the same specimen. It was observed that even between two
regiona of good material there wﬁs a misorientation between the
c-axis directions at these two pbsitions.

Figure 7 shows thérmethod used for the calculation
of the c-axis misorientation beﬁween two positions. G and H
are the positions of the image produced by the (0003) plane
'£t two different positions in the sample. Normally the images
were obscured by the collimator so thcir positions had to be
found by construction_ffom the zones revealed on the film. The
x an& y axes are constructed in any convenient position as only
differéncesvin coordinates are required. The coordinates

Xy5 Y15 %35 Vp and the film-sample distance 0S are measured.
A 2 2
Fhen GSH =[((x; = %)% + {y; - ¥5)°) /08, 2.2

e ’ : : A
and the c-axis misorientation is #GSH. This calculation assumes
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" that G and H are close to O.and that their separation is much less
than the distance 0S. If the first assumption is not cofrect then
0S must.be replaced by ST. This was done in those mosaic
~misorientation calculations where the misorientation was resolved
into radial and tangential components and then compounded again.
 Tables 1 to L show typlical results for the c-axis
misorientation between neighbouring regions of a specimen and for
the mosaic misorientation attvarious positions in a specimen..
The accuracy of ﬁhe results did hot depend on their magnitudes.
For values of c-axis misorientation the error was + 25! and for
mosaic misorienﬁation the error was + 15'. These errors are for
the 3 cm film-sample distance. Measurements made with the 5 cm
-distance reduced the two wrrors to about two-thirds their former
- values. Because of these magnitudes it seems best to regard those
values of c-axis miaorientation below 1° and of mosaic
~ misorientation below 45' as order of magnitude only. Figures above
'ﬂthese values are more reliable. Their reliability was checked in
| éomévcaSes by repeating some measurementé.

. Several subsidiary experiments were performed in order to
sﬁpport the main experiments. These included experiments to check
the location of the film in the holder, the location of the
| collimator and the ability to set up the system so that a desired
. position could be viewed. Also the‘dimensions and shape of the
collimated X-ray beam were checked. The most important subsidiary
exéeriments wefe those designed to investigate possible surface |

~effects on the specimens. Each exposure investigated only a small
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volume of the specimen at and immediately below its surface. If
any sﬁrface effect existed the results obtdined would not be
representative of the bulk of the specimen around that particﬁlar
volume, Ahy surface layer which was present would be revealed
by dissolving it away and éompaying X-ray éxaminations made before
and after the chemical action. This experiment was performed

6n the natural grthh surfaées of the specimens, on surfaces
prepared by cutting with a diamond wheel and on surfaces prepared
by grinding with a diamond grinding wheel. About O-lmm depth of
the surface'was removed'by.boiling the samples in potassium
_hydroiide for two hours. ExaﬁinAtion of the X-ra& photographs

. ghowed thAt éof as grown surfaces and surfaces prepared by
_‘cuttihg there was very little difference from before to after the
chémiéél'preparation of the surfaces. An improvement in the
structure WOuid'havetdemonstrated that a damaged surface layer
had existed and had been removed by the chemical. This was
observed in the case of surfaces prepared by grinding when

powdéf was formed on thevsﬁrfaces and gave arcs of powder rings
on thQ}X-ray photogrgphs. A deterioration in the structure would
not have demonstrated conclusively the presence of a surface layer
~ due to the handling of the surface because it seems most unlikely
that any of the methods used to prepare the surfaces would
ﬁroduce a layer bf perfect material on top of a region of poor
materiai.  : |

The main experiments provided information on several

different points. A'sequence of measurements was performed to
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study fhe effects of various typéé of heat treatment on the
specimens. Another set of experiments was designed to provide
informatin on the distribution of defects throughout certain types
‘of material while other measurements were made on rubies and
corundum grown with their c-axes at various anglea to the growth
direction.

Every measurement made g&ve some information on the
distribution of c-axis misorientation and mosaic misorientation
throughout the various boules examined, but two of the 0° growth
direction boules were examined in more detail concerning this point.
Boule 1B was cut into slices perpendicular to the c-axis and
several:of these examined in detail, table 1. Five exposures were
made covering a distance of 5 mm parallel to the growth direction,
in a position midway between the centre and the surface of the bouls.
There were traces of arcs of powder rings ¢n one exposure because
the surface had been ground. None of the other exposures showed
any structure. The results gave no indication of the c-axis
1'misorientation along this line. One slice wvas examined along a
line perpendiculaf to the radius of the boule about one-third of
the way from thé'centre of the boule. This investigation revealed
mosaic misorientation near the natural faces of the boule. There
was & slight crack in the material and X-ray examimtion revealed
-fmisorientation écross it. This examination was carried out on
unannealed slices of the specimen.

Boule 319 was ‘examined throughout as shown in figure 8.
Also the natural faces_(OOOl), {1010} and {1120} were examined.




Table 1
X-Ray Results

Boule lB, 0° growth direction ruby, chromium concentration

unknown.,

Photograph Slicev misggi:igaﬁion- misg;zzi:ation Footnote
1l 1Bbl slight arcs ' - A
2 le; none - A
3 - 1Bb2 . none - A
4L °  1BbR " none - A
5. 1Bb3 "~ none - A
6 1Bb2 1° ot * - B
va " 1Bb2 o° 30t % 7a-7b 0° 15¢ B
7b - 1Bb2 none 7b=-7c 1° 0 B
7¢c  1Bb2 0° 30* * 7a-7c 0° 45 B
8 iBbl slight arcs ‘ - c
9 | 1Bbl none - D
10 ' 1Bb2 . none - - E
11 1Bb2 0° 30t * - F
12 1Bb2 : 1° ot * - G
13a 1Bb2 0°15'*  13a-13b 0° 45! H
13b 1Bb2 none 13b-13c 0° 30! H
13¢ 1Bb2 1° o1 * 13a-13c 0° 15¢ H

®alues with less accuracy than quoted in the text. 7a, '7b, etc.
refer to sectors a, b, etc. of photograph 7. A. ‘Unannealed
slices, the photographs taken along & line parallel to the growth
direction. B. Unannealed slice, the photographs taken on

5 a-plane perpendiculdr to the growth direction. C. and D.
Blice annealed at 1700°C for 24 hours. C. Compare with
photograph 1. D. Compare with photograph 2. E, F, G

and H. Slice annealed at 1900°C for 24 hours. E. Compare
‘'with photograph 3..  F. Compare with photograph 4.

G. Compare with photograph 6. H. Compare with the sectors
of photograph 13 the equivalent sectors of photograph 7.
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figures are approximate distances in mm .

SECTION THROUGH BOULE 319 SHOWING POSITIONS
OF EXPOSURES LISTED IN TABLE "2,

FIGURE 8
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The results for nosaic misorientation only are included in table
Q bécause of the larger inaccuracy of the determinations of the
c-axis miaorienﬁationcﬁ A quantitative map of the c-axis
misorientations‘would have required the addition of several values
wnicn would have rapidly increased the error until the final figure
had an error of several hundred per cent. Qualitatively, however,
it was obaerved that the c-axis followed a corkscrew path along the
boule. It is to be noted that the seed crystal had mosaic structure,
'but at the plane where the doping with chromium commenced there
was very little mosaic. After this plane the mosaic increased
again. This boule had been annealed at 1900°C for about 24 hours.

One slice of boule 1B, 1Bbl, was annealed at 1700°C
, for about 24 hours and examined after the treatment. The images
on the film were sharpened slightly indicating a reduction in the
. ampnnt of stress in the crystal, but, apart from this, there was no
obvious improvcment of structure due to the annealing. A second
siice'of the bonle, 1Bb2, was examined after annealing at 1900°C
forrnbout'ah hours. The distribution of the c-axis misorientation
and of the mosaic misorientation was altered by the annealing, but
" there was no sign of an improfement}v The natural faces of boule
319 were examined before it was annealed, and, in this case aleo,
no improvement in the crystal structure was moticed after the
annealing. These measurements are also recorded in tables l and
. . .

Boules-lB and 319 nere o° growth direction boules.



Table 2

X-Ray Results

Boule 319’»00 growth direction ruby, chromium concentration

unknown.
Photograph ' ‘Moeaic Ceaxis Footnote
o misorientation misorientation

lha : 2° 20¢ 14a-14b 1° 35¢ I
b 2° or 14b-14e 1° 450 I
lic 2° 5t  1pa-lse 3° 10t I
158 - o 2° por 15a-15b 2° 10! J
15b 2° 350 ~ 15b=15¢ 1° 10! J
15¢ , ~ none ~ 15a-15¢ 1° 550 J

lka, lib, etc. are sectors a, b, etc. of photograph 1li.

I.

J.

Photographs of the natural (0001) surface of the

unannealed bqule.
Photographs of the natural (000l) surface of the boule

after annealing at 1900°C for 24 hours. Compare the
sectors of photograph 15 with those of photograph 1li

Qualitative study of the natural faces {1010} and {1120}.

‘Each face waé examined in one position only. Annealing
had very little effect on the mosaic structure of two

‘ faces, it removed mosaic structure from two faces,

caused mosaic structure on one previously clear face

and worsened the mosaic structure on one face.




Table 2 (Cont.)

Detailed examination of boule 319 after annealing.

Reference in figure 8 Mosaic misorientation
| 0® 40!
1° 25¢
2° 20¢
LO*
35¢
2° ,o¢
201
lo¢
30¢

W™
0 0 O ©

L5t
50t

o O

15¢
15t
551

O 00 0N NMO N
o re)

WO 2 X HAYH NN Y QW
(¢}

From the qualitative study above, four of the six
faces {1010} and {1120} showed mosaic structure at

the one position examined on edch face:
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Table 3 4ncludes measurements made on rubies grown &t growth
angles of 73° and 90° as well as including a further selection
of typiéal fesults for 0° growth direction rubies. Table 4
contains the results of measurements made on corundum grown at
angles of o°, 73° and 90°. From the tables it can be seen that
the values of the c-axis misorientation and the mosaic
misorientation were of similar orders of magnitude throughout the
materials examined. No detailed examination of the effects of
annealing or the distribution of defects in the 73° and 90°
rubiesAand the O°, 73° and 90°~corundum crystals was made. Only
one exposure from nine made on crystals grown in the 90°
orientation showed mosaic while in the 73° orientation cryastals
the number was three from nine. Both these ratios are much
amaller'than thaﬁ'found in the 0° growth direction crystals.
DISCUSSION. |

The X-ray results agree guite well with those obtained

" by J.R. Prior (private communicativi). He used the Guinier-

Tennevin technique which gave more accuracy and allowed him to-
investigate & large volume of material at one time. He noticed
that the directions of the c~axis in a volume éf material tend to
form a cone. This was not observed in these measurements because
of the sméll volumes involved, but the apparent spiral in the
c-axie observed in boule 319 fits in with the description in

" terms of a cone.

In the 0° crystals the regions of good or bad material



Table 3.
X-Ray Results.

General results for rubies

A B c: D

297 1l6a none 16a-16b og;lgf
16b none 16b-16c O  15'
16c 1  45' 1léa-léc O 30!

c 17a nonme 17a-17b 0° 50!

. 337 13b none 17b<1l7c Og 55¢
' 17¢c .none 17a-17¢c O 10!
337¢ 18a ©0° 40t  18a-18b og L0?
18b none 18b-18¢ 1 5!

18¢ none 18a-18c 1° 5'

337a  19a none 19a~19b og 10!

19b none 19b-19¢c OO Lot

19¢ none l9a-19q 0~ 35¢

337a 20a  none  20a-20b og L5*
.20b one 20b=-20c Oo 20!

20e 0° 30' 20a-20c 0° 40!

Gea 2la Og 10' 2la-21b og L0t
21b 0°.35¢ 21b-Rlc 1~ O

21c 0° 10' 2la-2lc 1° 10!

GRa =22a og 55t  22a-22b og 201
~ 22p 0° 15t 22b-22c 0° 30!

0® 200 22a-22c 0° 25!

R:ec

su4a 23a 0% 50t 23a-23b 0° 25%
23b gone 23b-23¢ Oo
23 1 lO'_ 23a=23¢c 0~ 45¢

3448 RhLa none 2ha-2Lb 00
24b none hb-24c Oy 25!
2hc neone 24a«24c 0° 107

unknown
0.0524
0.052 %
doosag
0:0524
0:02 to

0:032¢

C.02 to
40-032%

0-02%

0+ 024,

F G
® unannealed
0®  1930%
0°  1930°%
0°  1700°%
0°  1700°C

0o unannealed

0 unannealed

0° unannealed
o

0 unannealed



L9%a

L9=b

| L6la

L,61b

=5a
”5b
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P

28

R9

30
31

Table 3 (Cont.)

C D E F G

one 25a-25b 0° 20' unknown 73° unknown
o° 30! : _ ’

o° 15t 26-27 0° 30t * unknown 73°  unknown
none

none 28-29 o° 30! ¥ unknown 90° unknown
none

none 30=31 1° 30t * unknown g0°  unknown
none

16a, 16b, etc. refer to sectors a, b, etc. of

photograph 16.

¥ These measurements were made along a diad axis

perpendicular to the c-axis.

A,
B.
c.
D.
E.
F.
G.

Specimen;

Photograph;

Mosaic misorientation;

C~axlis misorientation;

Chromium concentration, weight per cent;
Growth direction;

Previous heat treatment of the sample, the
temperatures are those.at which annealing has

been performed.




Table 4.

X-Ray Results.

General results for corundum (undoped A12°3)‘

A B c D E F

L2la 3Ra gone 3Ra-32b 1% ot 0° unknown
32b 1° 25¢

121b 33 0% 507 3323, 2°15' %  0° unknown
35  2° 1s¢ . » .

L20a 35a none 35a-35b 0° 0° unknown
35b none

L20b 36a none 36a~36b 0° 10t ¥ 0° unknown
36b none

L26a 377a none 37a-37b 1° 10t 73°  unknown
: 37b none 37b=37¢c Oo 30t
3%7¢ none 37a-37¢ 17 30!

L26b 38 one 38«39 0° 30! 73°  unknown

39 0 15¢

LR3a 4O0a none 4,0a-40b Og 351 90° unknown
40b none LOb=4O0c Oo 551
4,0c none 4LOa-40c O~ LO!

L23b 41 pone hl=42 1° ot * 90° unknown

L2 0~ 25¢

32&, 32b, etc. are sectors a, b, etc. of photograph 3z2.
*These measurements were made along a diad axis
perpendicular to the c-axis,
A, Specinen; B. Photograph; C. Moeaic
misorientation; D. C-axis misorientation;
‘E; Growth direction; F. Previous heat

treatment of the sample.
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apparently exten& parallel to the growth direction. This indicates
- that they probably originate in or near the seed. Boule 319 was
the only boule examined where this effect was looked for, and the
result wﬁs rather inconclusive. 1In this boule a ﬁlane of good
material;was found between the mosaic seed crystal and the mosaic
boule. It may be that thé dislocations in the region immediately
around the seed did not form grain boundaries and polycrystalline
material because it is such a small region and large temperature
gradients could not form across it. When the boule became

larger temperature gradients may have formed which encouraged

the formation of polycrystalline material. Another possible
explanation is that the chromiuh ions formed the mosaic structure,
but this is not supported by the work on corundum or the etch

pit studies to be described in chapter three. Further discuasion
of this is postponed until later.

N}

CONCLUSIONS.
The experiments show that the boules of ruby or of

corundum examined consisted of a main lattice over which the
c-axis’may change direction by up to 3° and superimposed on this
lattice a randSm distribution of mosaic structure with up to

3° spread between the components. There did not seem to be any
‘ relétion between the mosaic structure and the crystal lattice of
the boules. When mosaic structure occurred near the natural
éurfaces of the boules it was usually more marked than when it
occurred in the bulk of the material. The figures for the

incidence of mosaic in boules of the three different growth .
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directions seem to indicate that the 90° cryatals contain
less mosaic than the 73° erystals which in turn contain less
than the 0° crystals. This conelusion ie supported in part

by J.R.Prior, see chapter three. In the one caase examined
the exact relationship between the structure of the seed crystal
and the boule was not 1mmediatély obvious. For the 0° growth
direction boules Annealing cauged & rearrangement in the
distribution of the c-axis misdrientations and the mosaic
structure but it did not improve either. It did, however,
improze the handling qualities of the material by removing
some of the'stress caused by the growth process. It appears
that in 0° boules a better impression of the quality of the
crystals was obtained by ex#mining in a plane perpendicular
'to the growth direction rather than in a plane parallel to the
growth direction. In'this type of crystal this plane is also
the eésiest to examine. |
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CHAPTER THREB
ETCHING .STU DIES
Expgrimental technique; results of measurements;
corrélation between etch pits and dislocations;
discussion of this work and its relation to

that of other workers; conclusions.

EXPERTMENTAL TECHNIQUE.
| The method used to etch the rubies was based on that

 described by Scheuplein and Gibbs (1960). The (000l) face was
"'polished'using diamond impfegnated grinding wheels. Several
"AWhéels were use&,.each'succeeding wheel having a finer grade of
‘:iﬁiamond than the one before. The polished specimens were cleaned
‘_by'imméfsing theﬁ for several hoursin benzene and then in nitric
acid and finally by washing in distilled water. The etching
.was performed in orthophosphofic Acid (30% A.R.) by placing them

| in the acid, heating it'up to 320°C and then pouring away the
"acid'immediately that tempéraﬁure was reached. Before washing
',iihe remainiﬁglacid away with distilled water ﬁhe specimens were
éllowéd.to cool‘for several minutes. Examination with a
AAmicroscopé revealed etch pits.

B In order to obtain the best results, it was important
torfinish the etching as ciose to 320°C as possible, so, to
\eﬁsdre ﬁhis, the correction term for the exposure of the stem
' §f the théfmometer was appliéd.to its readings. It was

ﬁecessary to orientate:thé samples accﬁratély before polishing
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them beéauée'etching did not take place if the polished surface
was more than 5° from the (0001) plane. Care had to be taken to
avbid sudden changés in temperature, especially with unannealed
-specimens, which could cause cracking in the crystals.
Unfortunately ﬁhe polishing process left scratches on the
surfaces of the specimens which sometimes hid structure which
would_otherwise haﬁe Eeen reveﬁled by the etching. Scheuplein
and Gibbs were abe ﬁo remove these scratches by heating their
sampleé for a few seconds at 1600°C, but this was not desirable
here dﬁe to the danger of cracking the samples and because such
tre&tment would alter the heat history of the specimens. This
last point was. of interest ih the work described here.
RESULTS o | |
| ‘ .; The etch pits were triangular ih shape with sides
'paraliel tb [iOTQ] ; figufe.9; Using a microscope wiﬁh an
intérfefénce objective the depths of the pits were measured as
glose éo 5 microns. Figure 9 shows a sample with a random etch
pit density of 2.10° etch pits/em”,

| Besides & random distribution of etch pits there
- were also rowsof etch pits, figure 10, presumably related to
rows 9f‘dislocations forming grain boundary walls, which had
linéar'densities estimated to be up to.S.lO3 etch pits/cm.
‘Including the roﬁs of etchipits in a region increases the total
‘etch pit_density‘toAébout three times the random etch pit density

There were about 3.102 rows of etch pits per em® . The linear
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dimensions of theigrains, that is the areas bounded by the lines
of etch pits, ranged from millimetres to microns with the median

-2 to 10> cm. The lines of etch pits were

value in the range 10~
parallel to the [112Q] directions and intersected at close to

60° revealing the underlying symmetry of the'crystals. These
detaileq figures are for the various specimens of ruby grown in the
o° growth direction which are listed in table 5. Also included in
this tablé‘are the random etch pit densities for rubies grown in
other orientatlons and for corundum crystals grown in the three
main orientatlons. There are no results for the total etch pit
-density or the density of etch pit walls for this second group of
ruby samples or for:the corundum samples. It is beliéved that the
chromium éonéentrationS»of those rubies whos§ concentrations are
recorded ag unknown were below O-l%.. The error in all the figures
in the table is about 15% .

No attempt was made to examine the dislocations due to
basal slip, nor to correlate those due to prismatic slip which
were examined with the underlying crystal structure.

The fusedbpotassium.hydroxide, used to prepare the
}surféces of samples for_X-fay work, attacked their surfaces more
strongly.thAn the trthophosphoric acid. Occasionally etch pits
were seen as‘a résult of this attack, even on previously
unpolished specimens, but their occurrence seemed to depend on

chance and no attempt was made to use it as an etch for examining

dislocations. ‘The potassium hydroxide removed material at a mean



Table 5. .

Etching Results.

Ruby.
A ' B C D E
(1) (2)
GRa 0° ann 1700 0-02 to 2.3 2.9
, - 0-032
GRb 0° "ann 1700 0:02 to 2.0 2.0
: 0:03:
337b 0° ann 1700  0-052 1-7 R.7
337¢ 0° ann 1930 0-052 2:3 2.7
3Lka 0° unann 0-02 1-0 11
3 0% unann 002 16 1-8
L97 736 unknown unknown 1-3 16
4L61b 90 unknown unknown 14 -
Corundum.
L,20a 0° unknown ~none 1-1 09 0.9
430 '73° unknown none 13 14
L23a 90° unknown none 07 09
512 g0° h.t. ann none 16 -
A. . Specimen; B. . Growth orientation; C. Previous heat

treatment,

ann means annealed,

unann means unannealed,

h.t. ann means annealed at high temperature in the growing

furnéce,-and the figures are temperatures in °C; D.

Chromium

'.:‘

concentratbn in weight per cent; E. Random dislocation

" density, all figures are to be multiplied by 10°/cm”, (1) and
'(2) refer to values at two different positions on the sample.
An extra value of the random dislocation density obtained

‘at a third position. -
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rate_of-O-OOI in/hour parallel to the c-axis and at a mean rate of
0.002 in/hour éerpendicular to the c-axis. This is in agreement
with Ellis's second requirement for the production of etch pits

" on the (0001) face (Ellis, 1955).

THE CORRELATION OF ETCH PITS WITH DISLOCATIONS.

‘ If there is a one to one correspondence of etcﬂ pits
to disiocations then the figures quoted above for etch pit
densities are also the figures for the aislocation densities.

It is assumed here that this correspondence does exist and that
the figﬁres in table 5 do represent dislocation densities. The
main fistification for this assumption is that Scheuplein and
Gibbs, using a similar technique, obtained similar patterns of
etch pits and values of etch pit densities to those obtained
_ here, and they were able to demonstrate the one to one
correspondence by means of a series of subsidiary experiments.
Further support for the assumption was obtained from
the X-ray studies. Each X-ray photograph whih showed mosaic
strucﬁure gave information on the number of grains forming the
mosaic stpructure in the volume irradiated by the X-ray beam
and on the angle of misorientation of one grain with respect to
ite neighbour. Knowing the diameter of the X-ray beam when it
struck the crystal, the value mosat frequently used was 9.10"'2 cm,
an estimate could be made of the linear dimension of the grains.
The values calculated correspond to the higher values of grain

size measured by the etching technique. = The X-ray method was
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not senéitiva encugh to detect nmiller values of grain size.
Using the value of the angular misorientation, X , between
neighbouring grains and the linear dimensions of the grains, t,
obtained from an X-ray photograph, an estimate of the
dialacdtién density, D, in the neighbouring grains can be made by
means of & formula due to Hirsch (1958), |

D= X/Bt., 3.1

'The mosaic misorientations cbaerved by the Z-ray technique were
due to basal slip so the value of B, Burgers vector, is

4L.75 angstrom units (Scheuplein and Gibbs, 1960). Values of D
calouIAted from.X~ray photographs of some of the ruby specimens
examined by the etching technique were about 3.1&5dialocationa
psr émz,l These values agree reasonably well with the expected

. valueg which for the basal slip aystem of dislocations are about
an order of magnitude greater than for the prismatic slip

system of dislocationas.

Scheuplein and Gibbs state that the minimum temperature
required for generation of prismatic alip dislocations is 2000°C
which meant that attempts to produce dislocations on the (0001)
 surface by piercing it with sharp points or by scratching it were
'uﬁlikely to succeed, Whoh geveral scratch marks were made on
- the surface of a apeci&en with a diemond no dislocations were
ebserved which could definitely be connected with the scratches.

| woods (1960) auggeatéd using the intersection of three
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grain boundaries, as revealed by lines of etch pits, to
establish the correlation between etch pits and dislocations.
If there is.a one to one correspondence and p,q and r are the
linéar etch pit densities in the three lines of etch pits
then |

' P~q+tr. 3.2
Most of the intersections examined on the rubies showed
approximate agréement with 3.2 bdt owing to the high density of
etch pits-in the lines it was difficult to find any clear
threefold intersections from which definite conclusions could be
drawn.

The assumption‘of a one ﬁo one correspondence in the
case of the samples investigated is not directly contradicted by
any of the above measurements.

DISCUSSION.

Table 5 shows that there was no large difference between
the random dislocation densities of the ruby and corundum samples
examined. It appears from this that the inclusion of o-osgéor
lesg‘of chromium in the growth process of ruby does not introduce
extra dislocatiohs. This is supportéd by some work performed
by D.R. Mason (private communication). He etched a ruby and
the seed from which it had been grown and found that both had
dislocation densities about 10° dislocations/cmz. Thus it was
possible to attribute all the dislocations in the ruby to

prdpagation from the seed crystal and no extra mechaniam of
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formation of dislbcations was required.

Prior (private communication) observed that the density
of walls per unit area on the surfaces of 90° growth direction
crystalé was very low. This supports the conclusion drawn from
the X~ray results of the previous chapter concerning the
incidence of mosaic structure in these crystals. Unfortunately
no measuremehts of the density of walls on the 90° éamples
examined in thie work were made. The number of walls per unit
area in any sample may be a more important parameter‘than the
rapdom dislocation density in any attempt to correlate -
relaxatioﬁ times or linewidths with physical defects as the grain
bouhdaries are more prominent defects than single dislocations.

The growth angle of 73° which has been used to grow
some of the crystals corresponds to the angle 73° RL' between
the c-axis and the normal to the {lOIl§ faces. Edge dislocations
of thé basal slip system intersect these faces. The boules grown
‘iﬁ this growth orientation are usually larger than those grown
in the 0° orientation. This may be explained by the larger
- number éf dislocations in the basal slip system than in the
prismatic slip system which makes the growth process easier and
more rapid. The crystals grown in the 90° orientation are
usually'smaller than those grown in the other two directions and
this may be explained by the fact that there 1s no set of edge
'dislocations in this direction to aid the érowth.

The etching work of Scheuplein and Gibbs on the
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polygonisation of corundum crystals seems to offer an explanation
to two poinﬁs of the previous chapter. They observed that
mosaic structufe was formed when stress was applied to a crystal
while>it was maintained at aBout BQOOOC and afterwards annealed
vat ZOOOOC, Polygonisation also occuré when the crystals are
stressed whiie they are cooling rapidly from 2000°C and are then
annealed at 1900°C, The first of these processes could quite
easily occur in a growing boule. The stresses in the boule could
be produced by the weight'of'the boule and its constraint at

the intersection of boule and seed crystal, but they are more
llikély to be caused by temperature gradients across it. A boule
groﬁn 1ﬁ.a particular orientation has a size and shape
charactéristic of the arientation employed. These characteristic
forms, combined with the slight anisotropy in the thermal
conductiﬁity'in ruby, produce different patterns of temperature
gradients and thermal stresses in the boules. Qualitative
considerations confirm that the 9C° growth boules grow under the
least stress and so have the least‘polygonisatioﬂ. This was
éhdwn by experiment. This process of polygonisation probably
explains why the detailed X-ray examination of boule 319
'revealed a plane of good single crystal material between the
boule and the seed crystal, both of which contained mosaic
structure., The overall length from the plane to the tip of the
seed cfystal was only 1.3 cm. The thermal stresses over this

distance were probably much less than those over the whole length

of the boule, L-6 cm, and so there was more likelihood of
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polygonisation occurring in the larger volume of the boule than
in the small region'closé to the seed crystal bounded by the
clean plane. |

The factor of four between the smallest and largest
values of the random dislocation density in table 5 is to be
expected. Scheuplein and Gibbs reported values for the prismatic
slip system from 10° to 10° dislocations/cm?. Any attempt to
put another explanation on the values in table 5 would be of
doubtful validity because the previous heat treatment of several
of the samples is unknown.

The work described in chapters two and three combined
with the results of work performed by Thorp and Mason form the
letter included as appendix one (Thorp et al., 1964).
CONCLUSIONS.

For the samples examined the random etch pit density
is about 105 etch pits/cm . The mode value is in the range
10° to 2.10° etch pits/cm_, while the extreme values are 7.10‘
and 2‘9.105 etch pits/cm?. Support for the correspondence
between etch pits and dislocations was obtained from the X-ray
work so the figures in table 5 are the values of the random
dislocation density in the samples. These samples included
corundum and ruby. so the resuits support the conclusion that

the inclusion of chromium in the growth process does not

introduce extra dislocations. The different sets of edge
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dislocations in the boules and the rolygonisation process
deseribed by Scheuplein and Gibbs form the basis of an explanation
of the physical structure of the toules as revealed by the

Xeray and etching work.
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CHAPTER FOUR.’
LINEWIDTHS.

Line broadening mechanisms; explanation of
basic linewidth in ruby; prediction of extra

broadehing due to imperfections; concluaions.

LINE BROADENING MECHANISMS.'

The lihe broadening mechanisms can be classified
according to the type éf line they produce or according to the
type of mechanism which produces the line. In the first
classifiéétion the mechanisms are called homogeneous if they
produce broadening throughout all the line and inhomogeneous if
they produce broadening through part of the line only. An example
of the éther type of classification is to divide the mechanisms
into the following divisions.

" 1. Mechanisms which 1imit'the lifetime pf the states of
the system.
2. Mechanisms which cause a spread of the values of the local
magnetic field at the sites of the ionms.
3. Broadening produced by the spectrometer.
L. Other mechanisms.
"In division 1l are inclﬁded the natural linewidth and the
Spin-léﬁtice'relaxation mechanisms. The natural linewldth can be
estiﬁated from Heisenberg's uncertainty principle. Spontaneous

emission limits the lifetime of the state which leads to an

uncertainty in the energy of the state. This process produces
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widths of only 10°h c/sec which in solids can be safely
neglected. The phonon interactions which cause the spin-lattice
pelaxation broaden the energy levels and so contribute to the
linewidths. The second division includes interactions between
nuclear magnetic moments and the paramagnetic ions and also
interactions due to the presence of impurities and imperfections
in the‘solid. The third class includes inhomogeneities in the
magnetic field,'distortions of the line shape due to power
saturation and dué to the finite time constants or bandwidths of
the associated electronic equipmenﬁ. The other mechanisms include
the dipole-dipole and éxchange interactions between the
paramagnetic ions. These two can be regarded as being a mixture
of the first two divisions because each reduces the lifetime of
ions at heighbouring sites as well as producing & spread of
magnetic fields'at the sites.

_ . The important mechanism here is the one which produces
a spread in the values of the local magnetic field due to
.bhysical,imperfedions in the crystals. As already seen, the ruby
_crystala contain dislocations and mosaic structure and it is
desired to correlate these physical imperfections with linewidth
measuremehts madé in ruby. In order to do this it is necessary
to know how the other mechanisms affect the.linewidth.

The contribution due to spin~lattice relaxation is

approximately l/Tl where T, is the spin-lattice relaxation time.

The value of Tl for all the.transitions at 77°K, the temperature
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at which the work was perfofmed is hh.10-6 sec, Pace et al.
(1960), so the broadening due to this mechanism is 2.10 b c/sec
which can be neglected compared to the total linewidth of about
60.106 c/sec. In the particular ruby samples used the impurity
content was very low éo there was no need to consider impurities
as a éource of linewidth. Care was taken to avoid the effects
of saturation on the linewidths, éee chapters five and six. Also,
by a careful choice of bandwidths and time constants in the
electronic equirment, most of the distortions due to these factors
were eliminated, and those which remained were allowed for as far
as poSsible, see chapﬁers five andvgix. The magnetic field was
homogéneous to one part in fiﬁe thousand and stable to one part in
lO5 in time. Thgse values mean that the magnet did not produce
any distortions of thé true line shape. It.is not certain how
hpmogenebus.the field due to the secondary coils was, and this is
also discussed in chapters five and six. |

"~ The remaining mechanisms which have to be considered are
the nuclear; exchange and dipole;dipole interactions. These three
interactions produce the basic linewidth in ruby. The A1/
.nuclei intéracting with the Cr3+ ions producé a width of 9.7

53

oeréteds:(Altshuler and Mineeva, 1963) and the Cr”” nuclei, even

though they are only 935% abundant, produée the long tail of
the ruby lines (Klyshko, 1964). For some years the dipole-dipole
inferaction was regarded as the main source of the linewidth in

“ruby, but the theoretically predicted values were much larger than
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the experimentally observed valﬁes (Manenkov and Fedorov, 1960).
Recently two separate explanations of the basic linewidth in
terms of exchangeAinteractions have been.put forward, one by
Altéhuler and Mineeva (1963) and the other by Klyshko (1964).
4’1; Before considering the detail of these explanations
it may be worthwhile to consider the model of Anderson and Weiss
(1953) whigh accbunts for the broadening due to dipole-dipole
and exchahge interéctions tcgether.: Their bésic explanation did
not includé crystal fiéld effects but they were able to include
these effects roughly at a later stage. Théy assumed that the

ion absorbs at one frequency which is in a certain range determined

by the dipole-dipole interactions. The absorption frequency

wandarS’at:random over the range available to it under the

influence of the exchange interactions. Thus the dipole~dipole
intéractions are continually interrupted and cannot exert their

full influence. Anderson and Weiss computed the general form of ;
the lineshape for this type of doubie mechanism and they
predicted a lineshape with a céntral portion following a
Lorentzian curve and the wings a Gaussian curve.. Alshuler and
Mineevavand Klyshko based-fheir calculations on the general
ﬁheorj 6f.Pryce and Steiens for the evaluation of moments of
the'liﬁéshape rather than on the'ideas of Anderson and Weiss,
but these ideas give a clearer picture than the work of Pryce
and Stevens. The approach of the latter included the effects

of the crystal field from the beginning of the calculation.
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o Altshuler and Mineeva predictdd the widths of the

-% to +% transition at polar angles 0° and 55° and of the +%

to +3/2 transition at 0°. (The polar angle is the angle between
the direction of the main magnetic field and the c-axis of the
crystal.) They predicted that the widths ought to depend on‘ﬁhe
concentration of the chromium ions. The calculatibns were based
on the assumption of a Lorentzian lineshape and isotropic exchange
interaction. The latter assumption implies that the spin-orbit
coupling is neglected. The exchange interaction was represented

by an operator wij given by

Wy = J(rij)'(si.sj) b1
| where Si and Sj are the spins of the ions at the sites i and j
and J(rij) is the exchange integral associated with the spins at
sites i and j, a distance Ty 5 apart. They assumed that J(rij)

could be written as
— n
J(rij) = J(ro)/rij LR

. for distances rij > r, where r, is the distance such that J(r°)= <D,
the crystal field splitting. For Py < r_ the exchange
interaction would produce new lines, Statz et al. (196l1), while

for rij > ro it would produce broadening, Jo was given as

1

approximately 25 cm™ and n = 12.

Klyshko approached the problem from a different point
of view. He estimated the mean square width for the -% to + 3

transition at 0° by neglecting the dipole-dipole interaction over
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the region where the exchange interaction produces fresh lines,
and by neglecting the exchange interaction and retaining the
dipole~dipole interaction over the region ry ] > r,. He stated
that r o. can be obtained from the experimental value of (sz >M—
and that the assumptions made were supported by experiment for the
case of isolated ions. His prediction for the.mea.n square width
is also concentration dependent. He carefully analysed the

observed line shape of the -%to ® +transition at the polar angle

0° and demonstrated that it was forme& by two Gaussian curves

_with different constants, one describing the centre portion

and the other describing the far wings of the line. Between the
Gaussian regions was a long tail, some 206 ocersteds long, caused
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by hyperfine interactions with the Cr~~ nuclei.

BROADENING DUE TO IMPERFECTIONS.
The amount of broadening due to mosaic and c-axis

misorientations may be readily estimated. If the value of the

magnetic field H at resonance varies with polar angle & and there i

a distribution of c-axis directions in a crystal represented
by AP then
AH = AP. J-H/c(e : L.3

where AH- i'epresents ‘the increase in the linewidth.
Shaltiel and Low (1961) were abde to demonstrate that

4in the ecase of a cublc crystal the correct value for AP was

X o , a constant characterising a Gaussian distribution of
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crystallites about an axis referred to as the fotation axis. This
distribution was assumed to cut off at a value X and it was also
assumed that the rotation axes were isotropically distributed
throughout all directions. These assumptions are probably
correctlfor a cubic material.

. Figure 11 shows the situation in ruby. The mean
direction éf the c-axis is the z-axis of the sglerical coordinates.
The basal slip dislocations form one set of rotation axes in
ruby. One of these dislocations is represented by the vector b
in bhe'figuré; The possible directions of b are limited to the
regions within 70°¢ O < §0° and 9 §° 120°4+ ¢ £5° and
2u40° +¢ +5°, Scheuplein and Gibbs (1960). The
" mosaic blocks are.rotated.about b by up to & so that the c-axis can
take up any direction in the region limited by c' and c". The
distribution of c-axes when viewed along the z-axis appears as
shown in figure 1<.

. The prismatic slip Aislocations are distributed in a
cone about the mean c-axis direction. They also act as axes of
rotation but the result of ﬁhis rotation is‘to alter ¢'only.

This does not affect the spectrum and therefore does not affect
the linewidth by the mechanism of 4.3.

. The X-ray examinations were carried out in the main on
the (OOOl)'face which is perpendicular to the c-axis as shown in

figuée il. Therefore.the measurements were of the distribution
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produced by the rotations described above. The value substituted
into 4.3 for 4D has to be a suitable represenﬁation of the
distribution of c-axes, see chapter seven.

For the - % to + % transition c“"/ow =~ 0 so there
should be no broadening due to this mechanism in this transition.
For the =3/2 to -% and the +3 to +3/2 transitions the gradient
of the magnetic field for resonance against angle is proport;onal
to Binzﬁj(Shaltiel and Low) which predicts a maximum broadening
due to this mechanism in these transitions at D = 1,5°, The
gradient dH[d® can be measured for the second and third ordér
transitions and so estimates of the amount of imperfection
broadening can be made for them also.

From an analysis of the variations of the linewidth of
a transition with polar angle it should be possible to estimate
the amount of broadening due to physical imperfections and
perhaps gain some further information on the nature of the
physical imperfections. To perform this analysis, the effects of
the dipole-dipole and exchange interactions have to be allowed
for; Also it is assumed that the broadening due to physical
imperfections is directly additive to the basic linewidth due to
other mechanisms.

Another mechanism due to physical imperfections is the
one described by Manenkov et al. (1963). The stresses present
in a cfystal may distorﬁ the surroundings of the paramagnetic ion

and so alter the-values of the parameters in the spin Hamiltonian.
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Mahenkov et al. have demonstrated how changes in the value of
the crystal fieid'splitting parameter D can &ffect the widths
of the +% to +3/2 and the =-3/2 to -3 transitions. They detected
this effect by observing the relative intensities of these
transitions compared to the -5 to +% transition. For any one
samplé‘it may be considered as part of the basic linewidth.
TRANSITION PROBABILiTiES. |
The line shape will be distorted from that due to 4.3

if the transition prpbability of the transition varies rapidly
with'angle. In order to estimate the effect of this the transition
probability was calculated against angle. The calculation is based
on the work of Schulz-du Bois (1959).

_ Figure 13 shows the coordinate system related to the
pole piece gap and the coordinate s&stem related to the walls of the

waveguide. For an H,, wave

He = Eollgpdll=- ") a TE o c(ot=vz)
Hey = -iEo \/(e//‘) ()\/MJ ot T '/’% L(u‘t’-—rZ), Lok
Y —. Qﬂ/)\g . ) .

If the sample is cut correctly and fits perfedly into
the guide then the c-axis is parallel to OX. It is then possible,
seé chapter six,_to orientate the guide so that OX is parallel to
0x. In this case, in the spherical coordinates attached to the
pole.piecé, % = 90°, ¢ = 0° and 0Z is parallel to Oy. The
.angle 8"13 the polar angle already defined &nd the situation at
" any arbitrary © 1s shown in figure 14. Following Schulz-du Bois

the transition probabilities can be calculated at any angle 0.
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The altefnating field which proddcee the transitions is that

due to the X and Z components of the magnetic field in the
wa#eguide. 'These.components have to be resolved along Ox, Oy
and 02; The value of the probability decreases with decreasing
value of ® for the main transitions. It was necessary to
extrapolate the graphs of eigeovectors beyond the magnetic field
value of 10700 oersteds, which is the limit of their range in
the paper‘by Schulzedu Bois, in order to perform the calculations
at the‘higher field valuee; | o |

| Figure lh.ehowe the effects of the various
‘mlsorientations on the mean c-axis direction at the general
.angle E?. The dotted circle around ¢ contains the c-axis
distribﬁtlon of figure 12. Study of the graphs of eigenvectors
Agiven by Schulz;du Bois shows thet for variations in the c-axis
direction of - 3 in ® there are only negligible changes in the
traneition probability. The effect of a B 3 variation inp{ can
be calculated using the formula relating values of eigenvectors
for different values of ¢ which is given by Schulz-du Bois. It
is readily found that at any one value of D this small variation
in ¢ has a negligible effect on the transition probabilities.

The figures of ¥ 3° were choeen after reference to the results of
the X~ray work because they are larger than any measured value of

mesaic or c-axils mieorientation.

Theee calculations were made on the assumption that the

crystal was perfectly cut and ineerted in the waveguide. This,
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in general, was not the case. Another possible error was that
the waveguide might not be aligned exactly in the magnet. The
effects of such deviations from the perfect case described above
are discussed in appendix two. The main conclusions of this
appendix are, firstly, that the perfect case described above is
closely approximated to when the waveguide is arranged to be
parallel to Oy, that is vertical, and, secondly, that the small
_angle between the c-axis and the wall of the waveguide, which
mﬁst be included in any calculation of the absolute transition
probability, can be néglected in any calculation of the difference
in transition probability between two angles only a few degrees
apart.

CONCLUSIONS.

From an analysis of linewidth measurements made at
various values of the polar angle it should be possible to estimate
tﬁe amount of physical imperfection present in & sample. It
should also be possible from the basic linewidth to make an
estimate of the local concentration of chromium ions. The main
features of the line which ought to be measured for a complete
description are the lineshape, the width at half the peak intensity

'or the root mean aquare width (tlie two can be related if the
lineshape is known) and the moments of the line. The important
points in the»preparation of the experiments are the alignment of
the waveguide as near to the vertical as possible and the correct

orientation of the c-axis. These adjustments dacilitate the
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calculation of the angular variation of the tramsition
probabilities and allow alcheck to be made of the effects of
the various parameters on the ahgular variation of the

linewidths.
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CHAPTER FIVE.
.THE SPECTROMETER.

Specific requirements for spectrometer design;

ﬁheory of signal productibn; discussion of

conditions stated in theory; description of
'kdpparatus; sensitivity of spectrometer;

conclusions.

SPECIFIC REQUIREMENTS'FOR THE DESIGN OF THE SPECTROMETER.

| | Tﬁé aim was to measﬁre the absorption linewidths and
lineéhépes in ruby, and to study their #ariation with polar angle.
The woik Waé carried out at frequencies near 35 kMc/sec which
meaht that‘mﬁgneﬁic-fields up to 17000 oerstéds Qere required
and to sgpply these with_the magnet available a pole piece gap
no Largeriﬁhan A?S cm had to be uééd. The sample size was the
order éf sizeltﬁﬁt might be used in a maser, that is up to 1l cc.
Thié size was aléo suitable for the X-ray and etching techniques
describéd above. A.conventional Q;band cavity designed to take
thié‘sigé of sample wnuld have been too bulky to fit between the
poles of the m&gﬁet and still leave room for the dewars
necessary for‘low temperature.worﬁ. Becﬁuse of this it was
decided to study the posgibility of using a shorted piece of
guide as a cavity. The material was'known~tp have a strong

signal so sensitivity considerations were not of major

importance. The most important factor was to produce & system
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which would deteét‘¥a only and well enough to allow measurement
of the pgak intensity of the line, the linewidth at half the
peak intensity and the major features in the shape of the line.
Also, as noted in éhApter four, the guide had to be adjusted
corréctly in the pole piece gap.

THEORY OF SIGNAL PRODUCTION.

‘ Figure 15 shows a block diagram of a simple
spectrometer. Power from a klysﬁrcn was fed into a magic tee
where it &as divided into the two side arms. One side arm, the
balance arm, contained an E-H tuner and a matched load so that
a controllable reflection could be introduced; the other was
connécted to the samble. An iris of diameter 3°5 mm was placdd
in the side arm containing the sample, and the length of guide,

- ‘about 100 cm, bétween the iris and the short circuit which
terminated the;guide acted as the cavity. The iris diameter was
chosen 8o that the value of the reflection coefficient of the
‘sample arm off magnetic resonance was O:5. This value was close
to the thimum value for maximum sensitivity of the spectrometer
( Feher, 1957);> The E-arm of the magic tee was terminated by a
detector crystal. |

In figure 15 P is the power incident on the magic tee,
Pc is the power inecident on the detector, v 1s the reflection
coefficient fﬁom the balance arm and /o is the reflection
coefficient from the cavity agd sample while the sample is

off magnetic resonance. Both s and lz;are complex quantities
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which can be written as [0 +'J 1701 and [ + }/152 .

The reflection properties of the magic tee can be

represented by

P = Jqlvlntpb/Lp- 5.1

To avold saturation of the amplifiers after the detector and to
obtain better noise rejection by the tee, the negative sign is
taken in 5.1. When the sample is on magnetic resonance o

changes to Mo = ’1u-4—}lx“2 and the power incident on the

detector changes to Pcm,where
P = % [F-m*f':,/LP. 5.2
The power incident on the detectof due to magnetic resonance
only Ps, is given by
ps = pow\ - p& . 5.3
Write Al'=Tu.-1% , then
po = & [RRfAT(ro= ) ]+ [arf]P s
where * represents the_complex conjugate. If the condition
[ar|*« 2 R {ar(r.-r) ™} (a)
is satisfied

Py = L P RAar(re-r.)*]. 5.5

By adjusting the termination of the balance arm to
make (Fa-ﬂﬂ real, (Fo—iuj*is made real, and the instrument

only detects

Qe {ar} = R {ar + Mra} -,-V AT . =6
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If f? is the current sensitivity of the detector,

the current S due to magnetic resonance is given by
$ = BPs = 5 RP(Toi-Tou) 4T

A convenient expression for A7i can be obtained

.7

Ul

by writing AT in terms of the rsal and imeaginary parts of the

‘reflection coefficients M and Mm.

AP: Fm|;FoI+J(Fm;-FoL)_ 5.8

At the peak of a cavity resonance [o> = O and at the

peak of magnetic resonance ['w.= 0. From 5.8
AF. = Fm. - r’of, 5.9

To derive an exbression for Al requires the use
of the equivalent circuit of the sample arm shown in figure 16.
Equivalent circuits for resonant cavities are congidered by
Montgomery et al. (19L7). The plane AB acroass the guide is
.chosen so that the admittance of the iris, guide and asample
viewed from AB is equivalent to that of the series resonant
circﬁit. The guide on the other side of the plane is
represented by & transmission line of impedance equal to its
characteristic impedance, %5 The iris was placed at least 12 mm
from the tee because the guide wavelength for the frequencies
used was less than 12 mm. The admittance of a terminated length
of transmission line goes through all poésible values as its
length is increased from zero to Xz s the guide wavelength, so
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12 mm was the least distance from the iris in which the correct
-plane AB could be located. |
From figure 16

ro= Rjlol-loc)=2. 5
R+ (wL=Tod+ 2.
where «> isg the pulsatance of the signal. At the peak of the

cavity resonance wl - ‘/'JC =0 80 5.10 becomes

N, = R =20, 5,11
. R + Z,
During the magnetic resonance the inductive component in the

circuit is altered to a new value L' given by

L. \

I

L1+ érrr,l(‘tp,;d'lz)) 5.12

where 1 is the filling factor defined as

n = ,(: H* d Ve /J;HLCLVC . 5.13

5.12 can be demonstrated by considering the energy stored in

H

the cavity first away from the magnetic resonance and then during
thé magnetic resonance. In the former case the energy can be

written as

Eo = g ff H*dVe 5.14

where ¢ répresents integration over the cavity volume and H the
magnetic field vector at a position in the cavity. In C.G.S.
units /14 :/40 + 7 (¥, ’&‘\L;j where /o has dimensions but

equals unity. Far from a magnetic resonance v, and Y, are



very small and may be neglected, see figure 2 At magnetic
resonance these quantities become appreclable and the energy can

be written as
Evwm = ;[fc H Ve =3 [ H*dVs +2[14 em (v ¥lf[ HZdVs 515

where s indigates integration over the sample volume. Eo can
be equated to the energy %Li2 of a coil of self-inductance L
and E_ to the energy 5 L11° of a coil of self-inductance L!,
Eliminating #° leaves equation 5.12 above with n defined as
in 5.13.

During magnetic resonance

M = R +,(..(°")L' ’/.‘*’C') — Zo . 5.16
g+& (wl' - '{wé)—\"zo
The real part I'mi 48 given by
PM' - («-ZO +QMJ(K+Zo+ﬂm1 +(Q7T51WL7—I)1 5.17
(R+ 2 +R) > + (T wbtry)?
at the peak of the cavity resonance,where R.“w::¢ﬂq}oL11. It

can now be seen that ['w! contains the effects of % unlesé the

two conditions
(R=Zo +Ru)( R+ Zo+Ru)> (umqwl ) (B
and (R+2Zo +Qm>1 >2 ((HﬁtcoL ‘\H)L (c)

are satisfied. It should be noted that if (B) is satisfied then

so is (C).
Defining the various resistances R, Rm and Zo in

terms of the unloaded cavity Q, Qu, the external Q, Qe the loaded

Q, 9 » the magnetic Q, O and the pulsatance () , the following
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relations are obtained.

@ = WLIR, Qo= wl[Zo 0= woL|(R+2s),
- e = wl' g - LJL//QW' 5.18

The last of equations 5.18 is correct when the relation

by e =] < | (0)
is satisfied. From 5.11 and 5.18 |
K\ - Z :'. 'M . 5.19
. G
Using equations 5.18 and 5.19 (B) becomes
o _l_ _L "+ __L , 2 .
(= @MX 0 com) > (amn) (E)

When (E) is correct equation 5.17 becomes

- 20 + wa-
‘FW\; = K Q * 5.20

K + 2.+ th
Then, a&s shown by Goldsborough and Mandel (1960), but using the

notation of this paper,

ATV = o Ou ¥ ‘7( - r'°'¢) |
[ + -Q,-ﬁ)w'\bi—tf(f-f'ﬂot)
= K Qu (1 =T%) 5.21
‘ I+ KQu( 1+ )
where K = fa"a U 5.22

In 5.22 k is a constant given by wCi, where Cy
is another constant depending on the geometry of the cavity and
the modé in the cavity, and v is the sample volume.
| f‘:‘om 1.2 the unloaded Q, Qum, of the cavity in the

presence of magnetic resonance is given by

Pown = ' _ 5.23
P (1= M)

where E is the total energy stored and Pi is the power



incident on the cavity. Goldsbofough and Mandel introduced

Qum and stated that

HY = Ca Qe Pi(1-1%) 2

where H2 is the mean square amplitude of the magnetic field
vector in the cavity, and C2 = hCl., The factor L occurs because
| Goldsborough and Mandel usea the half amplitude of the magnetic
field vector while here the amplitude is used. It should be
noted that during the course of their derivatién ﬁhey tacitly
assumed the validity'of (D) to compare Qum with Q.

" From 1.2

~ . 3
. A QU» - PLﬁ*Um’) ' 5.25.

where once again (D) has been assumed to hold to give the same
value of the energy stored as in 5.23. From 5.21 and 5.25
 Kw € WwE .
ATy = ——/ | |+ 577 5.26
P P (1= Tor) .
The power absorbed by the sample due to magnetic

resonance is given by 1.1 Using equations 5.22, 5.23 and 5.24 in

1.1 and remembering that C2 = hCl

P. = 2K0E, 5.27
Therefore, subétituﬁing for Kﬁdé from 5.27
P | P o
Ar" - 29., (’ * 9 P (- no!)) 5.28

Putting 5.28 into 5.7, remembering that P, = iP because of the

action of the magic tee,'gives on rearranging

= 5.29
P - ED
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where O = .,/f oy -T'm) and b= /{P("Foi)}
Ag long as there is no saturation P is directly

- proportional to Y, as shown in 1.1, so measurement of the
variation of P with magnetlc field also gives the variation of 2
with magnetic'field. The apparatus had to be designed and
operated so that saturation did not occur and so that any
instrumental errors, due to finite bandwidths and the time constants
of various parts of the electronic circults, were reduced to a
miﬁimum. |

If bS 4< a equation 5.29 becomes

| Pm='~§—-‘-, 5.30
Equation 5,30 is correct if the condition
, an
, : L<L F
QPi(l—ﬂol) / ) (F)

is satisfied. This condition can be rewritten using equation

5,25 and the definition of Q in equation 1.2. It then becomes
Ru(l+Tot) << 20um . ()
_ of the seven conditions stated above it is only
necessary to consider (A), (D), (E) and (G). This is because (E)

and (G) are alternative forms of (B) and (F), and if (E) is
satisfied so also is (C). It is useful to rewrite (A) as

(o 2yl )] < ol

The experimental work was performed with the cavity on &
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resonance so [o2 = O and equation 5.8 simplifies to

°

AT = D = [or + j T 5.31
(H) was obtained from (A) by using equations 5.16 and 5.31 and
carrying out simil&r steps to those by which (E) was obtained
from (B). If (H) is not satisfied the signal contains the effects
of V4 as well as "v: through the influence of ]Arlﬁ . At the
peak of the magnetic resonance N1 =0 and (H) simplifies
conside?ably. Tt can then be seen that in order to satisfy the
condition, the magic tee must be adjusted so that ([loi— Flor)
is as large as possible and Q; << Q. The inequality requires
that the filling factor be as amall as possible. In practice a
value of approximately 10"° was used. TFor a detailed numerical
discussion see.chapter six.

Condition (D) is easily satisfied, especially with a

small filling factor. The validity of (E) determines whether =i

 will contain the effects of i as well as of X2 . When it is

<sa£isfied the terms containing W are small enough to be
neglected and it is shown in chapter six that the experimental
valuea do satisfy it. Once more a small filling factor is a
holp in satisfying the relation.

The seventh condition (G) is the one concerning the
aimplification of the expression for the signal by reducing
5.29 to 5.30., This condition doss not have to be satisfied
because the lineahape can be evaluated from 5.29 quite easily.

If it is satisfied then the signal recorded is.proportional to
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the lineshape. Physically the condition means that the energy
losses due to paramngneﬁic resonance must be very much less than
those due to the cavity. Thie condition also is more easily
satisfied for small values of the filling factor.

Many workers have discussed aspects of the theory of
microwave resonance spectrometers, among them Bloembergen et al.
(1948), Feher (1957), Goldsborough and Mandel (1960) and Misra
(1363). Feher was more concerned with the design of a sensitive
spectrometer and the parameters which affect such a design. He
only cdnsidered the signal due to Vv, and in his derivation of
the signal he never indicated what possible effects Y- might
have. Although he‘did mention briefly that the apparatus had to be
set up in such a manner that the two were separated, he did not
‘discuss how this could be done.

The present theory is based on thg approach of
Goldsborough’énd Mandel. It should be noted that equation 5.4
ébove is equivalent to their equation (19) where the conjugate
complex is omitted. This has no affect on their final
conclusions, but there appears to be an error in their conclusions
concerning the neglecting of [APll . Before it can be neglected
(H) above must be satisfied rather than the condition AT <<
which they gave.

The derivation of 5.20 dsove is not given by Goldsborough
and Mandel, nor are the conditions which have been assumed to

hold in order to cbtain this equation. Tt was quoted as (9) in
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their paper. Their derivation.of an expression for Al has been
reconsidéred by stressing different parameters so that an
exact expression, equation 5.29, fof Ph in terms of readily
observable parameters of the spectrometer could be obtained. The
derivation of 5.29 from 5.21 depends on (D) being true.
Saturation of the transition and instrumental distortions which
make it incorfect to apply 5.29 can be detected by subsidiary
experiments and allowance made. |
Goldsboéough and Mandel made one assumption in deriving
their:equation (15) from their equation (9). This assumption is
equivalent to (D), which can be cdmplied with, so their equﬁtion
(15) is justified. It is written out in terms of Y2 and a
constant which depends on the geometry of the cavity and the mode
pattern in it; This expression can be used to describe a saturated
line. Equation 5.29 above éan be rewritten if necessary to give
an expreseion in terms of "1 suitable for saturation measurements,
but if it is so rewritten in order to evaluate K a constant
depending on the geometry of the cavity and mode pattern in it must
be introduced. So, in order to use 5.29'tw;.more conditions had to
be placed'on the spectrometer. - It had to be designed and operated
80 that:- .
.~ "fq was not a function of Hz, (1)
and - instrumental distortions were kept to a
| minimum. (J3)
It is probably iﬁpossible to design an instrum;nt which

does not at some time violate these conditions, but it was quite
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easy to make experimental checks to see if violations were
occurring. See below in chapter six.

| Misra has recently published a discussion and extension
of Goldsborough and Mandel's work. He treated signal production
in transmission and reflection cdvity systems and he also considered
briefly the sensitivity of these systems. The reflection system
he considered was identical to that of figure 15 but the

equivalent circuit he used for the cavity arm was a parallel
resonant circuit. He obtained the reflection properties of the
magic tee by considering the absolute voltages in the side arms of
the tee, and then set out to evaluate |AF[ by finding the
expression for "] . (The discussion here is in terms of the
notation used in this ﬁaper;) The derivation was performed in
terms of admittances which caused difficulties because the binomial
expansion for index -1 has to be carried out several times, each
time imposing a new condition on the final result. He eventually
obtained a result similar to that obtained here and by Goldsborough
and Mahdel, but it seems to be rather fortuitous because his
derivation of the reflection prope;ties of a magic tee appears to
be incorrect. This component forms the voltages in its E- and
H-arms by adding the amplitude and'phase of the voltages in the side
arms, not their absolute magnitudes. This was done above and aé a
result it became necessary to find an expression for RQ{AY{%, not
[Ar\r as Misra did. This error probably also accounts for the

difficulties Misra had in eliminating terms in Y . He was able

to eliminate them in the expression for[AIﬂ, but when it became
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necesséry to show thap if the signal depended on |ANY it
contained the effects of "\« , he had to reconsider his assunption:
The approach used here avoids this difficulty. (E) is the
condition for'eliminating i from the expression for Nw; , and
even when it is satisfied it can be seen that ", occurs in the
expression for [AM™. |
APPARATUS. |
Figure 17 shows a block diagram of the spectrometer

built to do the measurements. It operated at Q-band, the klystron
producing abouf 10 MW at 3hAto 35 kMc/sec. To reduce noise in
the klystron output the heaters were driven from a battery.
Frequencies were measufed by means of a Midcentury Microwavegear
wavemeter, type-MC 22/2A. The power level was monitored by.using
a directive feed to tap off part of the power to & crystal, and
it was adjusted by varying the calibrated attenuator. The iris
in thg sample arm was placed in the first waveguide junction at
least 12 mm from the tee. As the samples were about 1 cm long
their filling factor was approximately 10'2. The cross-section
of the samples, 0:280 in. by 0:140 in., was such that they were a
close sliding fit into the guide. A G.E.C. crystal, type VX 3171,
was used as the detector.

| Three types of system were available after the detector
erystal, a simple D.C. system with display of the lineshape
on & pen recorder, & video éystem Qith display of the lineshape
on an oscilloscope and a phase sensitive detection system with

display-of the derivative:of the lineshape on a pen recorder.



KEY TO FIGURE 17.

A Cavity to help stabilise the klystron.

B Isolator.

C Sample.

D Short cirauit.

E Secondary coils to make the field more
~ homogeneous.

F Main moduiation coils.

G Small modulation coils for the phase

sensitivedtectr. .
E/H E-H tuner.
W/M Wavemeter.

ATT Attenuator.

l, 2 and 3 Alternative routesfor the signal,
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In the first system the current from the detector crystal was
taken-to & Solartron AA 900 D.C. amplifier and then to an Everett
Edgcumbe pen recorder with an internal impedance of 7 ohms, a .
time constant for full scale deflection of 3 seconds, speeds of
1l or 6 in./ minute and a full scale deflection of 5 mA. The
output impedance of the amplifier was 1 ohm, 0 wire, wound
resistors with values varying between 22 and 128 ohms were placed
in series with the recorder. All values below about 70 ohms
increased the time constant of the recorder. The effect of this
“is discussed further below. In order to avoid saturation of the
amplifier a ‘backing off system was included between the detector
crystal and the amplifier to reduce the steady D.C. current,
produced by the crystal from the steady D.C. power level incident
oh it, to nearly zero. This backing off could be supplied either
by the power monitoring crystal or a aseparate D.C. source.

The steady D.C. power level on the crystal meant that it
was operatiné Qver & region of its characteristics which wﬁs
neither linear nof aquaré law. The current change due to resonance
was so small, however, that the value of the gradient at the
wofking point on the power versus current characteristic was taken
as the value ofzg*with no losas of accuracy. The input impedance
of the amplifier was 3.105 ohms so the steady crystal current was
about 5.10'7 amps while the change in current due to the signal
was aboﬁt 10™9 amps. The signal was produced by sweeping the
magnet slowly through the value of magnetic field at which

resonance occurred. In the video system the signal was produced
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by modulating, at 30 c/sec, the main magnetic field about the
value at which resonance occurred. This was done by feeding
current from & power nscillator imo the main modulation coils of
the magnet, which provided amplitudes up to 100 oersteds at this
frequency. From the detector crystal the current was passed
through 2 wide band amplifier, bandwidth O to 40 kc/sec, and then
displayed on an oscilloscope. This method was mainly used for
rapid location éf the lines, but some measurements were taken
using it, seé‘chapter six.

The phase sengitive system worked at 160 kc/sec. The
main magnetic field wae varied slowly through the resonance value
as in the.D.C. method, but it was also modulated at 160 kc/sec by
means of & pair of small, subsidiary coils attached to the outside
of the waveguide closelto the position of the sample. From the
deﬁeﬁﬁor crystél the signal was taken through the phase
sensitive detector and then displayed on the pen recorder. In
this case it was nof necessary to use the wire wound resistors to
avoid damping the recorder as the output impedance of the phase
sensitive unit was large. In this system and the video system
there was nd need for a backing off circuit between the detector
and the first amplifier unit. The output of the phase sensitive
unit did possess a meter zero for backing off thevsignal to any
required value at that stage.

The magnet was a Newport 8 inch Electromagnet type D

which could produce 16000 oersteds over & L+5 cm gap. The pole
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pieces were coned down at an ahgle of 65° to & 3¢5 in. diameter
pole face. Originally the homogeneity of the field was only
about one part in 500 so two small coils were designed to fit on
the pole faces and produce a small field, about 10 ocersteds,
oppositefto the main field and in this way reduce the field
gradient across the gap. Each coil consisted of eight turns of
copper wire, {1 S.W.G., wound on a tufnol former in a flat
pancake of mean diameter (LeL - 2d) cm, where d is the diameter
of the wire. They were worked as a Helmholtz pair with current
supplied by two 12 volt ‘batteries through a rheostat. The
maximum working curreﬁt‘wﬁ: € amps. It was found best to move
the coils so that they were no longer opposite to each other.
In their best position, found empirically, they improved the
homoéeneity at the centre of the gap to one part in.SOOO. The
reduction in working space between the pole faces by 0.180 4n.
was rewarded by an increase in the homogeneity of the field.

The magnet was calibrated by a combined proton/lithium
resoﬁance magnetometer which &llowed the field value to be
measured at any setting of the current control unit to 1-ZL oersted.
A very useful facility of the current control unit was its
ability to sweep the current of the main magnet coils through
a range of vealues and over a range of times. With this facility
the mﬁgnetic field was swept'through the resonance lines at
such a rate that they were traversed in & time at least ten times
longer than the time constant of the recordér. Because it was

possible to alter the field sweep rates easily this allowed
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compensating changes to be made when the value of the ;ine width
changed or when the time constant of the recorder was changed
by the altération»of the load resistors mentioned above. Long
sweep times through the lines were required to overcome any
smoothing:of the line by the time constant of the recorder. A
second check on this was fo sweep through the line from both
above and below. |

Paeilitieglfbr low'temperature woik were available.
The system was a conventional cryostat for liquid helium work but
as no helium'temperature results are included heré it will not be
described further. The measuwrements were performed at liquid
nitrogen temperatures with the liquid in the outer dewar and
helium acting as a héat transfer gas in the interspace of the
inner deﬁar and inside the inner dewar:. The samples were placed
in the guide, resting on & short circuit, which went into‘the
tail of the inner dewar.
SENSITIVITY OF THE SPECTROMETER

The work was concerned with ruby samples containing
- about lO19 spins per sample and it was perférmed at.Q—band and
77°K where the magnetic susceptibilities were quite large. This
meant that a strong signal could be expected.

The signal voltage acrose the recorder is given by

\/S - § Qc‘._ QT (?7— 5.32
ko + fr + '?_Q )
where S is the signal due to the magnetic resonance, R, and Ro
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are the inpuﬁ and output impedances of the amplifier, Rl and Rr
‘are the load and recorder impedances and g the gain of the
amplifier. |
The calculation of the noise voltage is more complex

as each system has its own noise sources. The calculation
berformed here is for the case of the simple D.C. system with no
modulation as this is the noisiest system used. The other two
systems were more sensitive.

| A non-linear element cannot have a noise figure
(Uhlir, 1963) so 2 noise temperatue has to be defined for the
detector crystal, as it.was not operating over its linear region.
Following closely the arguments of Torrey and Whitmer (1947a)
the noise figure of the crystal and amplifier combined can be
ca}cul&ted. Let dNb be the output noise power of a componeqt,
G its power gain, F its noise figure, df its bandwidth, T the
absolqte temperature, k Boltzmann'!s constant, t the noise
tempefature of the crystal, subscript 1 represent the crystal and

subscript 2 the amplifier. Then for the two components in serfes

dNs(iery = Free Gros AT 5.33
At any 6ne incidentvpower Pi’
Gz = Gr_! (pb) Ga 5.34
For the crystal
ANo = tRT 4f. 5.35.
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Considering the noise ouput through the system due to the crystal

only

§ — .
dNo (g = Gt RTdf 5.36
and similarly the noise ouput due to the amplifier only is

dNo'(isay = RG. LT - G RT 5.37

where the second term is introduced in order not to include twice

the Johnson noise of the output resistance of the crystal. Now

DNy = dNotisny +dNe"any 5030
and substituting in 5.38 from 5;33, 5.34, 5.36 and 5.37 and
simplifying gives

Frow = E*FR -1 5.39
G ('pv)
which represents the noise figure for the combined system.
The effective noise figure is given by
. .06 ) 6. (t+F-1)[Gi(P). df
F 1+2 5.40

)
{726 (P) G
where Gé is now taken to be the gain of the amplifier - output

- meter combinatlion so that the integrals converge. This

1

combination had a bandwidth of 4.10% ¢/sec or 3.10 " c/sec

depending on condition (K) quoted below. Whichever value is
chogen it is very much less than that of the crystal which is
‘about 107 ¢/sec. Therefore it is possible to consider G, (Py)

and Fl as constants over the range of the integration. Then

F,H—'z_ = (t +Fe -I) 5.41
: Gv(pi)

and the noise power output of the crystal and amplifier - meter
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combination is given by
No' = GL’QTch (t +Fx-l). 5.4k

Even though a magic tee was used which helped reduce
the nolse in the waveguide, thers was still soms noise left
which was incident on the crystzl. If the noise figure
| representing the noige in the waveguide is F& then the noise
power Rbﬂ at the output of the erystal - amplifier - mater

system due to the guide noise only is
No'" = Fg Gi(P). G. £Taf. 5.43
From 5.2 and 5.43 the total noise powir output Hb is
No = [Gu(t+Ft) +F3G(P)Gu[ATaf. S5-bb

This noise power in the amplifier output produces a
noise voltage, Vn, in the recorder and load impedances given by

Va = (Qe+1z¢)/( 2. ft’;&-«—h) ‘ 5.45

To thie noise must be added the ndse voltage of the recorder

and load impedances due to Johnson noise and given by

Voe = /{6 Rrete) 2T} . 5.46

The total noise voltage is the root of the sum of the squaresof
5.45 and 5.46,therefore, ‘the noise voltage across the recorder is
. > '

Ro + R+ + Re 2T +Re
Feher glves the condition for distinguishing between

the amplifier and recorder bandwidthsz for the value df. It
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states that if the carrier voltage V at the output of the
amplifier is large enough, then the amplifier bandwidth may
be ignored with respect to the recorder bgndwidth. In symbols

the condition is

V" > @GR 28TaF (K)
where dF is the amplifier bandwidth. (K) was satisfied in the
measurements made, see chapter six, so the bandwidth of the
recorder repﬁesented the bandwidth of the system.

The~power monitor crystal when used to provide a
backing off current also introduced noise, but it can be shown
that this noise souwrce can be neglected. The crystal introduced
noise at thé input of the amplifier due to its own noise and the
noise present in the guide. The available noise power due to
two sources in parallel can be calculated by following Torrey and
Whitmer (1947b). If the dynamic resistance of a noise source in
parallel with other noise sources is Ea and the noiqe power

‘is Pk then the total available noise power of the sources in

- (g

The impedances of the two crystals were equal but their noise

parallel is

powers were not,as one, the power monitor crystal,was used as a

video détector, and the other was used to detect the signal.

The noise produced by a video crystal is that due to the Johnson
noise of the barrier impedancej, kTdf, where df is the bandwidth

of the crystal (Torrey and Whitmer, 1947¢). The noise from the
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detector crystal is tkTdf, where t is the noise temperature of
the crystal under its operating conditions. Thus the detector
i8 ¢t times noisier then the videc crystal. The value of t for
the crystals used was about 107, obtained from interpolation on
a graph given by Uhlir. Thia meant that fhe detector crystal
wn# much noisier than the other crystal and indeed it was much
noisier than any of the other noise scurces in the system, a0

547 simplifies with the use of S5.hk, to

Va = RoJfC-t2Td ] 5.49

Ro + Rt +Re
The ratio of the signal to neise voltage is
W e ij—;ﬁo y 5.50
which becomes | v df (Lo +Re +£4)?
\_/i - ﬂ(ﬂn - Pb:) vaﬂ; .f,,_ 5.51
Ve 2 St 8T (Re+ etk }

on using 5.30 and the definition of a in 5.29. Equating 5.51

to one &nd using 1.1 gives
N pf {6 tETH(Re+Rr+L)} 5. 52
R (Mo -Tw) w e TH R g
Inserting suitable values into 5.52 gives the minimum value

of Y1 which could be detected, theoretically, by the equipment.
This can be compared with the actual value of the susceptibility
to obtain some idea of the signal to noise ratio. Deteils ars
given in chapter six.
THE EFFECT OF ERRORS IN THE MEASUREMENTS.

Detailed conaideration of 5.29 showed that P and [
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had little effect on the calculated value of Pm‘ This vas
confirmed by the experimental work carried out, see chapter six.

The analysis was carried out by means of the general
formula for combining errors given by Topping (1958). Putting
the approximate figures in the resulting expressions and
assuming each measured quantity had 5%'error gave a final error
in the value of Pm of nearly 15% s but only>h% of this total
error was contributed by the assumed errors in P and Mot . Thus
‘for accurate quantitative values of 3m,S,lA and (Mo - ﬂbﬂ)
had to be measured as accurately as posaible. Further discussion
of errors is postponed until chapter six.
DISCUSSION. |

Feher has given anfexcellent diseussion of noise
in spectrometers. Besides one or two errors involving numerical
: conétants in equations, he has made two errors in stating
| equations. He_déscribeé his equatioh {(35) as being the noise
power at the output of & microwave detector, but if this is the
case it should not contain the noise figﬁre of the amplifier,
while if it is the output of the detector and amplifier it
'should contain the gain of the amplifier. Dividing both sides
of this equation by kTdf gives the expression for the noise
figure of the combined system of amplifier and detector. later
in the paper he compares the noise produced by a square law
detection system with the signal produced by & linear detection

system.
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| Torrey and Whitmer have discussed the noise figure

of a detector ¢rystal and am@lifier combined. Strictly their
' Arguments apply only to linear detection systems because non-
linear systems cannot have a noise figure. However, the
derivation given above in terms of the noise temperature does
eventually reduce to the same answer.

Equation 5.48 above differs from‘the equation given
by Torrey and Whitmer by a factor of . This must be included
because the theorem is for the available noise power from a set
of noisy impedances in parallel. This power is at a maximum,
given by one-quarter the power in the source output impedance,
when the source output impedance equals the load impedance.
This theorem was not used in the derivation of the noise figure
for the combined amplifier-detector system because bhéﬂav&ﬁléblej
.pbwer present in different parts of the system was considered.
Thus in 5.37 noisé powers could be subtracted without reference
to the dynamic impedances of the various components.

Goldsbofough and Mandel did not consider the detéils
-‘of thé sensitivity.of their system. Misra, on the other hand,
did considef the sénsitivitiés of.ﬁhe transmission and reflection
systems and concluded that the reflection system was five to
‘ten times more aensitivg thgn the transmission system.
Other workers have described spsctrometers not using

a conventional cavity.- They include Ingram (1954) who described

-~ . systems for work on gases, Schulz-du Bois (1959) who examined

Cr3+ in beryl by placing the sample directly in the guide and
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examining the transmitted signal, and Elliston et al. (1963)
who used a magic tee system, different from the above, with a
sample in a shorted guide.

CONCLUSIONS.

This discussion of a éimple reflection spectrometer
ugingka magic tee can be readily extended to cover more complicated
magic tee systems. During the course of the discussion several
cbnditions were stated, but it is only necessary to adhere to
(A), (D) and (E). Of these three; (D) and (E) are easily
satisfied when the filling facto? is small, but (A) is more
difficult'to Satibfy, although a small filling factor is a help
towards satisfyiﬁg it. The apparatus for the resonance work

was descfibed and an expression was derived for its signal to

noise ratio.
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CHAPTER SIX.

LINEWIDTH MEASUREMENTS.

Experimental technique; satisfaction of
the conditions stated in chapter five;
} sensitivity of the spectrometer; results.
EXPERIMENTAL TECHNIQUE
. The sample was placed on the short circuit termin-

:ating & length of thin walled copper-nickel guide. The guide
was arranged so that it was vertical and the sample was in the
centre of the magnet gap. With the small correction coils in
_use this was the'most homogeneous region of the field. The
dewars were then.put in position and the system cooled down to
liquid nitrogen temperatures.
| | ‘Tﬁe'frequency of the power from the klystron was set

'so that the cavity was at the peak of & resonance and then the

.ffE-H tuner was adjusted so that the signal incident onto the

ydetaééor crystal fell to zero. After this balancing the tuner
was deliberately unbalanced in aﬁplitude‘onlw5 to give the
lafgeat signal»possible. Measurements of Qu’ QL’ Toi,the power
incideﬁt onto the tee and the output power from the tee were
made.A A crystal previously calibrated against a power meter
wa.s used for the power measurements, and from these measurements
-( Moy - l7bd was calculated. The gradient of the crystalts

. current against power characteristic at the value of the output
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power from the tee was taken as.f .
' The video system was used for rapid location of the

transitions and also the adjustment of the magnet to the

polar angle‘90°. The +% to +3/R2 transition was the most

convenient to use for this adjustment. At P = 90°,

dH/d® = 0, where H is the value of the magnetic field at
Which the trénsition occurs and;S is the polar angle. By
plofting H against the magnet setting around the position

8 = 900, the magnet setting equivalent to P = 90° was rapidly
located to an aécuracy of ¥1°. Having located the transition
at & known angle ® the line was>recorded in one of three ways.

The D.C. technique required a backing off circuit to

| reducé the steady D.C. cirrent produced by the steady power

level incident onto the crystal to zero. This was to avoid
overloading the amplifier. The‘signal amplified and displayed

on the pen recorder was produced by the magnetic resonance.

“Thé magnetic field was swept through the line in about 70 seconds

which was long compared to the time constant of the recorder,

so there was very little distortion of the signal. A second

_check on this possible cause of distortion was to sweep the
_ magnetic field both up and down through the line and observe

the éhgpes produced. If no distortion was present the shapes

were identical on both sweeps. Knowing the values of the various

Circﬁit éomponents,~the'detector current could be calculated

from the current recorded by théipen recorder. The full width
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of %he,line at half the peak intensity, A Hi, was calculated

vby @e&suring it in seconds from the pen recorder and using

o a calibration of the magneﬁic field sweep in oersteds/sec.
- ‘This calibrafiqn was made using a proton/lithium magnetometer.

.Subsidiary experiments were pefformed to check the.linearity

- ef the sweep ahd the speed of the recorder. The first fifteen
to‘tdenty seconds of the eweep were non-linear, so care was
_taken to ensure that the passage through the line did not begin
-_dufdng this time. Another possible cause of distortion was
| sdtgretion of the transition pfoduced by too much power
incident onto the sample. This was checked by varying the
power level and repeating the eweep through the line. An
increase in the size of the signal as the power was decreased
,ﬁwould have~eign1fied that saturetion was present. At the
poﬁers empioyed, about 10-3 watts, the transitions were not
"eaturated. Figure 18 is an example of a line meamured in
this way. |

Difficulties were encountered ueing the D.C. technique

.because of the pber frequency stability of the klystrons
evailable and the backihg off circuits'ueed.‘ A variation in
the frequency‘caused a varietion in the steady power level
ineidedt onto’ the crystal and after amplification this produced
‘& largeﬂchaﬁge in the baseline on the pen recorder. The
_current produced by the power monitor crystal could not follow
}these changes and so could not be used as a source of backing

off current, nor could the separate backing off circuit.-
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which was used, follow the changes. The frequency changes
also made it more difficult to obtain the correct line shape
because they altered the balance of the tee.

The video system did not require a backing off circuit.
“Also, the lines were recorded photographically and the frequency
changes were not rapid enough to affect the measurements once
the balance had been obtained. The differences between this
method and the D.C. method were the modulation of the magnetic
field at 30 c/sec using separate ﬁodulation coils and the
display of the line on an oscilloscope. The slow sweep was not
used. An amplifier with a bandwidth of 40 ke/sec was used to
amplify the signal. This bandwidth did not distort the eignal.
The amplitude of the msgnetic field modulation was measured
using the D.C. current equivalent to the peak A.C. current
through the coils, and the proton/lithium magnetometer. During
the analysis of the photographs to obtain the value of the
linewidth, corrections had to be applied to allow for the non-

linearity of the oscilloscope sweep and the uneven spacing of
the lines on the trace. The length of the analysis, together
with the fact that not enough power was available at 30 c/sec
to sweep completely through some of the transitions which it
wag desired to examine, meant that this method was rarely used
| for measurements. The subsidiary coile which produced the
modulation field had & similar diameter to the main coils,

therefore, the variation in the field at the position of the
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the line had to be integrated numerically and the half

~ height value loceted. The values in oersteds were obtained
from the calibration against'time of the field sweep. This
'method is the Best of the three because it includes the
tails of the lines. The other two methods tend to obscure
theﬁ,.and they are important for a full analysis of the line
ehepe and its moments. An ideé_of the shape ef the line

_ ebserVed can be qﬁtained by cohparing the values of

A H and AH

m.s.1."’
transition recorded by the phase sensitive equipment.

Figure 20 shows an example of a

| The coils used to produce the 160 kec/sec modulation
field_webe fitted'ento the outside of the guide as it was
not'possible to insert them into the guide. The coils
: were formed into a low cone so that they'fitted into the
tail of the dewar. Their overall diameter was 1 cm.
The samples were also 1 cm long, so the field produced
by the coiis was not uniform over them. A calculation of
this field, assuming that the coils were plane, gave a
value of about 5 oersteds at the centre of the sample,
This‘calculation neglected the presence of the walls
'of the guide.whieh would redﬁce the value of the field
' enormously. A reduction of up to Sb%in the magnitude
of the field probably occurred, and in this case the |
field in the sample would be reduced to 2.5 oersteds, and
so the inhomogeneity of the modulation field across the

t

‘sample could not be greater than this. The inhomogeneity
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of the main fleld was about this value.
| Flynn and Seymour (1960) described a method of

correcting for any distortion introduced by the finite value
of the amplitude of the modulation field, The larger this
. amplitude, the more necessary is the correction. 1In this
case the amplitude was usually only 2% or 3% of the total
linewidth suggesting that the cofrection was not necessary,
and it,was not applied to the measurements reported here. As
' a  Justification for this, one line was corrected. The
correétioh was calculated twice using values of 1 oersted
and 2 oersteds for the amplitude. The laﬁter value gave the
largest correction, but the ordinates were only altered
by.lﬁ,or 25 which was less than their error anyway. This
-corréction mey be rather doubtful because it required a value
of the field amplitude to apply it, and this was not known with
cerﬁainty, nor was it constant over the specimen.

| The phase sensitive detector unit had to be adjusted
carefully to avoid introducing distértions into the line shape.
 It.wﬁs~mpst‘important to adjust the frequency of the modulation
to be the sa@e'as the reference frequency. The particular
equipment used also had facilities for altering the bandwidth
and it .was usually operated with a bandwidth of 100 c/sec.

An attémpt was made to stabilise the output of the

klystrons by placing a cavity with a large Q-factor at the

foutput-and so locking the frequency and power output. A
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 similar system was described by Richardson (1964). A
vwavemeter was uaéd as the cavity because it could be adjusted
to resonate whatever the freQuenci. The system improved

~the frequency siability, but it was difficult to adjust to
one particﬁlar frequency because the two cavities interacted
with one another in a complex fashi&n. A sequence of
adjustments had to be made to obtain the correct frequencj.

' Even with this system, the frequency drift was enough to
cause difficulties in balancing the tee.

THE CONDITIONS OF CHAPTER FIVE.

, In chapter five three conditions were put forward,
(D), (E) and (H),'which must be satisfied in order to
eliﬁinate Y, from the signal. A further condition, (G), was

~put forward which, if satisfied, meant that the signal was

‘directly proﬁortional to the power absorbed, as long as the
- aﬁpafatus was operated so that it did not violate conditions
-(I) and (J). Thé modé of operation which satisfies these
laSt,éonditions has beeh deacribed above. The other
coﬁditions are considered in the following numerical example,.

The +% to +3/2 transition in sample 337c at the

polar angle 90° and at 77°K was measured, using the D.C.
technique; :The half width was nearlf 30 oersteds. The
valﬁes of the various parameters of interest were (the

symbols are those of chapter five),{g‘= 1;'6.10"'2 amp watt'l,




“Bhe
(P =Ta)) =076, Mo 0051, P 6:7.10"% watte, g, = 1900,
| gy = 1450, G, = 6100, the peak value of the recerdsd curremt
28 ua, anwing for the nstworis of resistore and the gain
of the swplifier, the detoster eurrent 3 = 3.4.10" anps,
,L?: 10°% and V2 = 1.3.20™ ere geusi® ™2,
| The value of |, was estimsted using the formula
. of Bleansy and Stevens (1933)

N, = Ty § B N [S(s+1) = M(n-1)] §(3) 6.1
. & LT (25+1)
with J = 3:5.30% o/uec, g = 2, £ = 9'3.10"3,1 org gauss™,

5= 3/2, M= 3/2, £0) = ;/Av, whers &) is half the width

st helf the peak intensity in c/sec, the total mwber of

spine in the speaimen ¥ = 1.6.10%%, k = 14,2020 erg deg*?

and T = 79°K,  Using figure 2, estimates of the value of
and Y24t various positions on the resosance surve were mde,
Prom valuss of /| and > A velue of O can be caloulated sizoe

@ I+ 4TV ~ . 6.2
TN Y2 LN Yea
At the peak of the magnetic resonsance, whea '\, » O,

 conditien (H) is satisfied with the larger expressioa 133 iimes
_ the sualler. "’At the peak af the Y, curve, when Y. is about
6. 5.16"5. the larger is 136 times the smaller, while at a

20

. poist in the tails of both curves, when i = 1.6,10™°

and V2 = 6:5.30°C, the larger is A60 times the smaller. So for
this transition condition (H) is satisfied at all parts of the
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'line{ 'To aatiéfy (H) in any experimental arrangement, it is
important tO'keep the value of (Pon—~P&J as large as possible
and the fraction QL/Qm as small as possible. This fraction is
‘small when q‘or‘yq_is amall,

Condition (D) is safisfied as the expression
LN 1\, _.&1p,' has the value 1-6.10"° at the pesak of the
magnetié reéonance and this is much less than unity as is
'required.

Condition (E) is.obviousiy satisfied at the peak of
- the magnetic resonance when "\, = 0. At the maximum value of ¥
the larger expression is 3700 ﬁimes the amaller so this
condition is also easily satisfied.

R Condition (G) is least likely to be satisfied at the
1peak of the magnetic resonance. In this example the larger
value is haltimes the smﬁller at this point. Therefore it
seems reasonable to take the signal as being directly
.proportional to the power absorbed. Another expression
- which can be}examined to see if the proportionality is

- correct is bS <<a, where a and'b are defined in chapter

‘five, equation 5.29. In this case at the peak value of the
signal; a is 167 times bS. The difference between this and
(G) may be because it was necessary to calculate a suitable
value‘of Qm which in turn depended on the calculation of a
~ value of Y, . If Y2 had beén.calculated four times too large,
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or N estimated four times too large, or there was inaccuracy
in bbth, then (G) would reduce to the same values in the
inequality. Decreasing the value of » or of "y. increases
the ease with which the other conditions are satisfied.

" Condition (K) is the condition which decides whether
the bandwidth of the amplifier or of the recorder represents

the bandwidth of the system. The larger value is 2-3.108

times the smaller when V = 0:21 volts, k = 1.4.107%3
joule deg l, T = 290 K, go = 20, Ri = 3.105 ohms and the
bandwidth of the amplifier dF = 4.10% ¢/sec. This means that
the.ﬁandwidth of the recorder represents the bandwidth of the
system. This example is for the components of the D.C. system.
. SENSITIVITY OF THE SPECTROMETER? |

‘Bquatioﬁ 5.52 gives the expression for the minimum
value of ~y,which theoretically can be detected by the simple
D.C.bsystem. Using the figures from the same transition as
above,(and the‘following.values, Ro = 1 ohnm, Ri = 3.10S ohms,
Ry % 68 ohms, R, = 7 ohms, df = 03 c/sec, /«. = a-rr.10‘7
henry m™Y, H = 1.2} amp m™%, v = 2:53.1077 u°, g = 20
Gy = (Ri/Ro)g22= 1~6.1o6 and t = 5.107, then Y. = 2.1..166
_erg gausé-z'cm-B. This is 60 times smaller than the
‘theoretically estimated value of "o for the specimen. Therefore,
| the signal to- noise ratlo predicted theoretically is 60:1.
Figure 18 shows that the observed value was about 250:1,

The discrepancy may be due to the values of H and

t used in the calculation since these values had to be
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egtimated from othér information. From equation 1.3, t is
given'Approximately by A/f for small values of f. The value
of f used hefe was estimated from a rough Fourier analysis
of the line. The main part of the line was traversed in
about 30 seconds so the main Fourier components had frequencies
less than 3.3,10’2 ¢/sec. Bell (1960) has stated that 1/f noise
hsa been detectéd down to about .'l.O'3 c¢/sec. Therefore,
values of f about 10'2 ¢/sec could contribute to the noise in
this case. fhe value of A was obtained by interpolation
from & graph given by Uhlir at a bias of 1 /ka. It was
- estimated as 5*10S c/sec. The value of t obtained from these
figurea could be an order of magnitude out, so explaining
some of the error between theory and experiment in the
prediction of the signal to noise ratio.

H is the mean value of the amplitude of the magnetic

field vector in the cavity. It ‘was estimated by first

"_evaluating the population difference, n, in the specimen under

the asteady atate conditions with the signal incidont. The

,evalu&tion was performed using

m = (Mo =N)Rv[2T 6.3
which wae obtained by rearranging an equation given by
Bloembergen et al. {1948). Pm is the power absorbed by

magﬁetic resonance and is given by Pm = S/a = 1-93.166 watts,
16
?»

the thefmal equilibrium population difference n, = 9.3.10
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the relaxation time Tl = h;h.lO_s sec, the frequency

V =v3-5.lolo c/sec and Planck's constant h = 66,104 joule
sec. The value of H which produces this difference of
population n can be obtained from a rearrangement of a
second equation given by Bioembergen et al. (1948)

A= (EE) T ] 6.1
where 'I‘2 is the spin-spin relaxation time related to the half
width at half the peak intensitysfby T, = 1/28f . Any
error in this value of H ma& help expléin the observed
‘difference between theory and.exﬁeriment. It should be
;noéed that 6.3 is based on.a two level schime which is not
true in rub&.

_ The video sjstem is more sensitive than the D.C.
systen becausé the modulation of theAsignal at 30 c/sec reduces
“the value of 't. The phase sensitive system is more
sensitive still, as the signal is modulated at 160 kc/sec
and the value of t is reduced further. .

RESULTS.

S The results of the linewidth measurements are
contained in figures 21 and 22, and table 6., Samples GRa
and 337c wefé examined in detail and the results for A H *of
vthe ma jor transition studied are shown in detail in figure

' 21. In figure 22 are the results of an examination of the

lﬁtd +3/2 transitions in these samples. Table 6 contains
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'Sampié 3379;

R is the ratio AH / AH o1

E£ABLE 6.

. LINEWIDTH MEASUREMENTS.

'R é.l*175, for a Lorentzian line R = 1.734.

’///’ﬂﬁ_——‘—“\\\\
T TN

Transition + % o +3/2 | .-3/2 to -'ﬁ' - % to +3/R
‘Polar.apgle AHm.s.l.' R 'AAH:.a;l. R . AHm.s.l. R
o°. - - - - - -
150 - - - - 163 1°6
300 264 13 - - 17°1 135
522 258 1% - - - -
LSO' T - - 318 1°35 18°9 14
h9° A 290 i -2 - - -
585 - - 23°9 165 - -
60o - - - - 1449 145
750 - - - 28*9 1°15 16°9 145
90 26°1 125 21°3 1°45 17°5 1'35
Transition -2 to + &
Polar angle AH% S SO R
o°, - 330 2hel - 135
557 .- 2849 19°6 145
Sample GRa
Transition .3/2t0 -8 - - % to +3/2
Polar anglé AH__ . R - A, 5 R
0% - 23'0 15 . = -
150 28+ 6 1, 23°1 14
30o ' L6°1 145 R9°1l . 125
hSo 610 1°2’5 R2R9°0 125
55o 840 10 - -
600 - ' - 288 12
754 . 319 1°55 240 125
90 . 28°0 1-1° 17°8 1°25
- Transition -%to+ 3
Polar angle AH 3 N S R
0%, 24° L 21°6 1°15
55 292 19°'8 1'5

For a Gaussian line
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the values of'AIEIS 1 which were measured, the ratio
Ax 7/ 4 3m.s.l.

transition at polar angles 0° and SSO. The resulté are

and the values of A H¥ for the 3 to

discussed in chapter seven. Both samples were grown
" in the 0° growth orientation, but 337c had been annealed
atAl9BO°c while G2a had been annealed at 1700%.

| The errors in A H % and A'Hm.s..l. measured by the
phase sensitive equipment are : 10" . This means that the

érrdr,in the_ratio igTi lh%.. The major source of this error
is the calibration_of_the magnetic field sweep against time.
- The .error introduced when locating the half height and
measuring the width in seconds at this height is much less
than this. The measurements made by the video system are
also accurate to i 10% , but the error in the D.C.
measurements was better than this. Because some transitions
were measured more than once, & better estimate of the error
;nvfhe final value of the width could be made. An indication
of the error in each value is given on the graphs. The most
accurate value was for the trahsition used as the example

in ﬁhe two sections above. This transition was measured

seven times and the final error was 1’1-7% . Only one of

the seven measurements was used in the numerical example

given above. l
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CHAPTER SEVEN
DISCUSSION OF THE LINEWIDTH RESULTS.

Description of the results; comparison with
results of other workers; correlation with
_cryétal imperfections; predictiors:of chromium

concentration; conclusions.

DESCRIPTION OF THE RESULTS.

| Values of AHy for the -3/2 to -3 transition
| were measured at several different polar angles from 0° to
- 90° in samples 337c and GRa. The + 3 to +3/2 transition was
examined at several angles between 30° and 90 in 337c. The
results are in figure 21, It was not possible to measure
this transition at lower angles than 30° because the magnetic
| fields required were beyond the working~range of the magnet.
All the tranéitionsfollowed the same general form in their
variation against angle. The value of the linewidth, in
oersﬁeds, was in the lower thirtles at 900 rose to a maximum

value, which depended on the transitlon and the sample,
around 45° to 55°» and then decreased again. For the -3/2
to -+ transition the value of the linewidth at 0° was in
the upper thirties. 1In sample 337c¢ the width of the
-3/2'toA-%- transition showed a local minimum at 30° and the

+% to + 3/2 transition had a minimum at 75°.

A.H .g.1, was not measured at every polar angle




" to measure A H
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for these two transitions. In some cases it was difficult
.m.sgl. because the maximum slope of the line
- did_not occur at one precise v#lue but over a region of
severai oerstgds. Then the mean position of the maximum
élopevwas used in the calculatibn of AI%hs.l.’ Any doubt
was reflected in the value of R,

:Ln thé value of AHm.s.l.
1£hé parameter whigh gives some indication of the shape of
the line. In sample 337c¢c the few values of AI%Ls.l. which
wpfénexamined showed broadening as the polar angle was
altered towards 45°. The values of R which were evaluated
were closer to the value_for a Gaussian line phan to the
' yalue for a Lorentzian line. The =3/2 to -4 transition in
Gea shdwéd'a definite increase in A Hm.s.l.towards 55°,
It also showed a wide range of values of the shape factor R.
f Tﬁié'may be bécause the line deviated from being a smooth,
‘ne&riy‘symmetrical, curve to having definite asymmetry at
cért&in polar angles. This asymmetry was most noticeable
‘ ét the 45°, 55° and 75° polar Angles. The transitions
at each of these angles had a hump on the high magnetic
',fieid'side. | |

“ The four values of AHj for the -5 to +%
.transition which were‘@easured‘are in table 6. This

" transition was measured at 0° and 55° in the two samples.

In 337c the linewidth at 55° was less than at O , while in
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the qther sample the 55° value was larger than the 0° value.
The shape of the line in both samples at 55° was nearer
. Lorentzian than Gaussian, but at 0° it wae nearer Gaussian
" than Lorentzian. The -# to +4# traﬂsition at 0° was

narroﬁer in GRa than in 337c, and in both samples this
transition was narrower than the -3/2 to -4 transition at
that angle. |

| ~The -% to +3/2 transition was examined in both

'samples. The results are in figure 22. AH% was about

22 oersteds in both samples at 906 and broadened to a
maximum in the region of 45° té 300, the value of the
maxiﬁum depending on the samplé. The transition probability
for this transition at 0° is zero, 80 it was not possible to
‘examine the line at this angle. In 337c¢ the linewidth at
309 has a local minimum. The_width between maximum slopes
had a similar variation with polar angle. At all the values
| of the polar angle, the line in GRa was nearer to a Gaussian
4sh§pe than the equivalent line in 337c.

" COMPARISON WITH OTHER WORK.
Manenkov and Fedorov (1960) performed some linewidth

measurements on ruby at 77°K and X-band frequencies. They
examined the - % to + % and the +# to %3/2 transitions at a
polar angle of 0° in several samples with different chromium
concentrations. They established that the half width of the

latter transition was from 1l¢3 to 1.5 times the half width
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of the former. In 337c this ratio was 1¢2 and in GRa it was
1¢4. Their results showed that the +%4 to +3/2 transition
was marginally closer to a Lorentzian shapé than the =% to +%
transition and that as the concentration increased both lines
tendethowards a Lorentzian shape. At vefy low concentrations
the widths ténded towards cohstant values and the lines were
almdsthaussian in shape. The GRa results agree with these
cbhclusiéns of Manenkov and Fedorov. The -3 to +3% transition
is neafiy Gaussian'ana the +% to +3/2 transition is nearl}
LofentZién, which is equivalent to the above conclusions
'fér the higher conéentratibn samples.

- - Altshuler and Mineeva (1963), from theoretical
_considébatioﬁs,.stated that the lineshape should be close to
a Loz;eritzvian shape and that thé -% to +% transition should
' be wider, at 0° than at 55°. More detailed consideration will
be given to this .later when the concentration of chromium

is considered.

vManenkovlet al. (1963) reported measurements which
reveéaled broadeniﬁg from 4 to 25 dersteds produced by
,non—uniformity of the crystalline field which in turn is
ﬁroduced by stfain>in the lattice. The ratio of the linewidth
‘of the +4 to +3/2 and -} to +} transitions deviated from 1:3
" for lines broadened bj this mechanism. This ratio was close
.’ﬁo 1.3 in the samp;es investigated here, so the effects‘of

non-uniformity of the crystalline field were absent from the
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samples.
' CRYSTAL IMPERFECTIONS AND LINEWIDTHS.

Equation 4.3 18 a relation between the spread in
directions of the c-axis, AP, and the extra broadening of
the.line produced by this gpread in c~-axis directions. The
physical imperfections iﬁ the samples produce the spread
as shown in figure 11. In order to establish which parameter
from the X-ray results was most sﬁitable for use as AS |
estimétéa of the broadening produced by nine possible
parameters were made. 'The parameters used were the mean value
of the c-axis misorientation in the sample, the stahdard
dgviation of the values of the c-axis misorientation 0,

JETJbi, a parameter related to the constaﬁt of a Gaussian
dist?ibution, the mean value of the mosdic misorientation,
its sﬁandard deviation GE,JE;ii , the mean of the combined
c-axis and mosaic misorientation, the standard deviation
of the combined miscrientations Uc and 2.¢6t. The values of
these parameters for thevtwo samples are listed in table 7
together with the predicted broadening of the «3/2 to -3
trénéition at h5°. When the values for A® were calculated,
aome’QXtra X-ray results were used which are ndt recorded in

' téble 5. In order to make the predic.tions, values of
vdH/d ® had to be used. They were obtained from graphs, which

were constructed from experimental results, of magnetic field

for resonance against polar angle and are listed in table 8.




TABLE 7.«

PREDICTIONS OF LINEWIDTH BROADENING.

. =3/2 to -# transition at the polar angle h5°.

AD . Sample 337c¢ Sample GRa
- parameter AP broadening AD broadening
' radians oersteds radians oersteds
c-axis
misorien. .
mean - - 0.0127 ‘ 775 - 0.0119 72.6
. Oa 0.0063 38.4 0.0054 32.9
oV © 0.0089 © 5he3 -~ 0.0076 L6.5
mosaic
-misorien.
mean .. 0-0015 9.2 00084 51.2
e 0-00L1 250 0.0052 317
jﬁzli . 040058 : 354 0-0074 INRY:)
c-akis‘and
mosaic
"misorien.
meari 0+ 0067 40:9 0.01 61-0
0e 0.0077 - L7.0 0.0056 342
0z J2 00109 66.5 0.6679 484

6 standard deviation, V2 a constant related to a

Gaussian distribution,

o




TABLE 8.

VALUES OF dH/d®.

Polar - | o . . dH/d'B '(oérsteds/radian)

wnele 23/2 0 =7 4 4o +3%ansi§i°€o 2 - to +3/2

0° 0 o 0 0

15° 2’100 - - -1°8.10°

30° 50.10° -579.10° - -2'8.10°

45° 6’10 672,100 - -3'4.10°

55° ,6'3.103 ‘ S o4'8.10° . -g'7.10 -

60° "6}3.163  -4 4,10 - -370.103

75° 38,103 -2'1.10° . -2'2.10°
o0 o o 0
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The predicted values of the extra broadening A H
&ere compered with the experimental values. In obtaining the
experimental values an assumptioh had to be.made concerning
" the basic linewidth at the polar angle 45°. This is discussed
further, below. The measured values of AH are (L4:6 = 8:5)
cersteds for GRa and (74 I 505) oersteds for 337c. Comparison
with table 7 shows that the mean of the mosaic misorientation
is the most suitable parameter for 4P,

In figure 21 the curves numbered 1,2 and 3 are
vpredictibns of the linewidth of the transitions using the mean
mosaic misorientation.and values from table 8 in 4.3, and
adding the values onto a suitable basic width. The curves
1 and 2 in figure 22 are similar predictions for the _é’ to +3/2
transition. The assumption was made that the basic linewidth |
at any angle, that is the width in a sample which did not
show mosaic broadening, could be obtained by interpolation
" from the known values at 0° and 90°. The widths at 0° and 90°
did not contain any broadening caused by physical imperfections
because dH/d & =0 at these_angles; If both widths were
known, the basic width at any intermediate angle was
estimated by simple proportion from these values. For those
tranéitions which did not have a value of linewidth at 0°,
the Value at 90° was used as the basic linewidth for all the
otheﬁ polar angles. The predictions are overestimates of the
measured values.  That for the +3% to +3/2 transition is the

most inaccuratelwhile those for the -3/2 to -4 transitions
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are the best fits. The - } to +3/2 transition in both samples

is ovefestimnted by‘about two times.

| The maximum value of the linewidth in GRa for the

«3/2 to - 3 transition occurs in the regién of the maximum

value ‘;;f dH/d© , that is near to 55°. For 337c,vhich has a

smaller value of A9., the decrease in the basic linewidth

between 45% and 55° is larger than the difference in values

of" 2&H~at thege two angles, so the maximum occurs at 45° in

ﬁthis_dgse..'For the other iwo_transitions considered in detail,

the maximum value of dH/d® occurs at 45°, so the maximum

‘broadening oceurs at this.angle also. Even so, the maximum

linewidth may occﬁr,at another angle in samples with small values

of A9, when the assumed basic width varies from angle to angle.
In Géa.the distortion of the lines at 45° and higher

hngles in the -3/2 to - % transition is related to the physical

- imperfections in the aamplé and the asymmetry in the values of

| dH/d © . The gradient is lerger at most angles above 45°

than for angles beléw 45°., The values of dH/dD for the

+ % t; +3/2 tbansition are less, in most casea, than the values

for the «3/2 to - % transition at the same value of polar angle,

so the former does not broaden &s much as the latter in any

one sample.. | |

|  The differences in shape of the - 4 to +3/2

transition.in-the two samples lend support to the relation




between;the extra broadenihg in the line and the mosaic
structure of the samples. The more perfect sample produced
a line tending towards Lorentzian in shape. GRa, on the
otheb hand prodﬁced a line tending towards a Gaussian shape.
This would be expected if the second sample consisted of a
large number of blocks, each one misorientated with respect
to its neighboup in a random fasion so that the local fields
at the gites of the chromium in each block also varied in a
random’fadﬁon. " A variation of static local fields of this
.type produces & Gaussian line shape. This iz what was
observed in the more imperfect of the two samples.

| From the experimental values of A H, obtained using
the same assumption concerning the basic widths as above,
sever@l values of AP for each sample were calculated. For
GRa, from ten values, A9==5-1.10"3 radians, for 337c, from
nine values, AP= 4+6.10"% radians., Using these values the
linewidths of the transitions were predicted agaiﬁ and they
are plotted as curves 4,5 and 6 on figure 21 and curves 3
and A on figure 22. The predictions are now a better fit to
the experimental results. The only major deviation is in the
-3/2 to < transition in GR2a which 1is now underestimated
.at tha~éentral values of the polar angle. Even in this case
| thbivglues are not as far out of agreement as may appsar from

a cursory examination of the graph. The measured value
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of AH is (446 I 8-5) oersteds at the polar angle 45°
and the predicted value is 31 oersteds, so_the difference 1is
about 1.5 times.

The -% to-F% transition in G2a shows broadening
cauéed.by mosaic structure because dH/df9 ;s not exactly
.zeré and AD is large. For more perfect samples such as
337¢, the broédening from:this source is véry small,

| The agreement between the second set of predicted
linewidths and the measured values cannot be taken as a
Justification of the assumptions about the basic linewidth
_ at'polar angles away from 0° and 90° because the parameter
used to make the predictions was based on this assumption.
This lack of support for the assumptioh does not invalidate
the‘conclusion concerning the use of the mean of the moeaic
misorientation as the parameter AP since the other parameters
| suggested could not be made to fit the fesults. In order
,td'estimate the true value of the basic linewidth at any
angle, measurements must Be made on a perfect sample, or
‘perhaps a detailed theoretical prediction of the linewidth
at the various angles could be made as Altshuler and
 Mineeva have done for the e'% to + % transition at 0°
and 55°, and the +% to +3/2 transition at 0°. Ther
‘predictions for the .3 to + 3 transition indicate that the
~basic linewidth %ncreases 18 times from 55° to 0°. This

predicted variation was not in fact observed, see below fur
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further details, bﬁt the experimental work and the theoretical
work both indiéated that the basic linewidth could vary with
angle for one transition and this variation is not necessarily
in the simple waybassumed above, Working backwards from the
megsuredfiinéwidths, the basic liﬂewidths were predicted

using the X-ray values for AD, Their values are in table 9.

: The values of ABobtained from the X-ray and
linewidth measﬁrements aré in reasonable agreement. The X-ray
vaiues were obtained from eigh£ exposuresvwhich examined about

 one—twentieth'§f the area of the (0001) and the (000I) faces.

The linewidth values were obtained from measurements which
inéluded the whole of the sample, but their accuracy may be
mﬁrred.by the assumption of a basic linewidth made above.

.CHROMIUM CONCENTRATIONST ‘

_ | o Thé'predictionsAof linewidth mentioned above, which
" were made by Altshuler and Mineeva (1963), were based on the
‘assumptién that thefmajor-c§ntribution to the linewidth was
| the.e#éhange interaction. . The prediction for the - % to + 3
.ffanéiﬁion at Ooiagrees with experiment over a certain
' céncentr&tion interval. Theory and experiment only agree for
, this transition at 55° if the linewidth produced by hyperfine
- interactions is subtracted from the measured linewidth. The
‘prediction for:the +% to +3/2 transition at 0° does not agree

with experiment and this is thought to be due to lattice defects

) gnd other sources of broadenihg making a major contribution to




TABLE 9.

PREDICTIONS OF THE BASIC LINEWIDTH.

* sample 337c.

Polar . o Basic linewidth (oersteds)
angle : Transition -

‘=3/2 to -% +% to +3/2 -3 to +3 -3 to 3/2
o° '33.6 , - 32:0 ‘ -
15° 33.9 - - 234
30° . 28+9 2449 - 18-8

- 45° . 33.0 - - R1.3
550 | . ‘ . . - » - 27..6 . -

- 58° 29.6 - - -
60° | - 27.3 - 20+3
75° 27.6 28.3 - 21.0
90°% . 31.1 33.0 _ - 24.0
ASample GRa. ‘
0° L - 2hek -

15° 1946 - - 17-3
30° 2Le6 - | - 12.8
45° . 26. 1 ' - - 7.7
55° - . 295 - 219 -
60° . - - - 8.8
750 ‘ . 17'1 . ’ - - 1105

90°  31.0 - - 22,2
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the line.

The interesting results from the work of Altshuler
and Miheeva_are the relations between the linewidth, in
- c/aec,vand the chrbmium concentration f, defined as the ratio
of the number of chromium ions to the number of aluminium
‘ions, for the ~$ to +% transition at the polar angles 0°

and 550. They are
® =0° . AV =y4.10t

O¢,

1 7.1

o = 55°, py = 2.2,1010,

At 559 the widths of this transition in both-samples
are abou£ 30 oersteds, so a fifst estimate of the concentration
in both samples is about 0+4 welght per cent. This figure is
in the regién where the theoretical predictions are reasonable.
The refined estimates are in table 10. In this table allowance
was made for the effects of mosaic structure and hyperfine
| intéractibns on the linewidth ét 55°. The concentration in
33%7c predicted from 7.1 is five times the concentration
estimated chemicallj and in GRa it is from six to nine times
the chemical concentration. The estimates of the concentration
made chemically can be regarded as a mean for the sample.

The values in table 10 are at the lower end of the concentration
region over which Aitshuler and Mineeva established that

their predictions were réasonable. It is thouiht that the
largef values of goncénﬁration represent the congregation of

chromium in the grain boundaries and dislocations, Thorp et al.
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(1964). In this paper the authors reported variations in
concentraﬁion of up to‘sixty times, and the positions with
'thé higher concentrapions were corfelated with the regions
of distorted material containing grain boundaries and large
" numbers of dislocations. The highest concentration reported
was 2 ¢4, therefore, the values obtained here are not
' unreasonable. |

Klyshko (1964) has also made predictions relating
the chfomium concentration to the root mean square linewidth.
HiéAﬁredictions are only for the - 1 to +3 transition at
0°, Using the vaiue of the linewidth at this angle, and the
value of thé‘local concentration estimated from the linewidth,
the mean spacing of the chromium ions can be estimated from
‘the-tﬁble given in Klyshkot's paper. The values obtained from
the results of»this work are not in this table, so the best
_' estimate is that the mean spacing is greater than 7.27
angstrom units with théhspacing in G2a greater than the
spacing in 337c. |

As a check to see whéther the estimated
concentrations in table 10 are the concentrations in the
distorted material of the samples, two estimates were made of
the vélume of distorted mgterial. From the estimated value
of the concentration the number of chromium ions in the
distorted material was calculéted and compared to the total

number of chromium ions 1ﬁithe specimen obtained from the
A UHIZERS

§\° ng i l;

5 m e )
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The’evidence in:the>paper by Thorp et el. pointed towards
'the chromium ions congregating in the dislocations, so the
true volume of distorted material is probably between the
-two estimates. |

B Altshuler and Miﬂeevé assumed a Lorentzian shape
for the line when they gave the relationship between the half

- width and the éhgomium concentration. The results given

. here for the - 4 to +% transition are in closest agreement

| with this assumption at 55°. Their calculation assumed that
themmain contribution to the lihewidth came from the exchange
interaction. Here it has been assumed that the broadening
caused by the mosaic structure can be added directly to this
basic linewidth to produce the total linewidth. The exchange
integrals, which occurred in the theory of Altshuler and
Mineéva, were evaluated by meéné of a relationship involving
ﬁwo'constaﬁts. The constants were evaluated empirically from
A known valuevof the integral at a certain interionic spacing
and a known value of the half width at a certain concentration.
No vaiues for the integrals were calculated in the region
 where the exchange interaction produced nﬁt~11nes rather than
| broadening. The critical value of the spacing of the chromium
:-ions where the exchange altered from splitting the transitions
to broadening the transitions was'obtained by comparing the

' energy of the exchange interaction with the energy 6f the
‘crystal field splitting. When the exchange energy was larger,
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- the lines were split,and when it was smaller, the lines were
broadened. Having established in this way the critical
‘spacing of the ions, their prediction of the linewidths
.‘required only a knbwledge of the local concentration in order
to compare them with experiment.

Klyshko also used the concept of critical spacing,
but he assuméd that the exchange interactions between ions
spaced further than the critical spacing were negligible with
respect to the dipolé-dipole interactions between these ions.
'He suggested that the value of thg critical spacing could be
obtaindd from the measured value of the linewidth. This was
done, with ﬁhé'hélp of the table given by Klyshko, in the
analysis given above. Two parameters, the critical spacing
and the concentration, have to be inserted into his
| prediction of the linewidth before it can be compared with
experiment, and also, an assumption has to be made concerning
the éhape éf the line. The figures which he quoted in the
papéf were for a Gaussian line shape. The-% to +§
trahgitions'at o° polar angle were close to Gaussian in shape.
CONCLUSIONS.

The widths of the various transitions examined,
including the - % to +3% trénsition, vary with polar angle,
and have a maximum in the region of 45° to 55°, The amount
‘of the broadening depends on the imperfection in the sample

and has been correlated with the mean value of the mosaic
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misorientation.. Using the theoretical predictions of Altshuler
and Minééva, the local concentrations of chromium in the two
samples were evaluated. These cbncentrations were several
times the chemical concentrations in the samples, and they

are thought to be concentrations of ions actumulated in the
dislocated material. Sample GRa, which was the more impeffect
_Vsample; had a larger ratio of local to chemical concentration
than 337c, indicating that in GRa the gréin boundaries
accumulated more chromium from the surrounding good material
than they did iﬁ 337c.

i The two volumes calculated in the previous section
repfésent two different regions of the cryétal. The smaller is
jthe volume in which the dislocations have obliterated the crystal
structure. The larger is the volume over which the dislocations
have'pfoduced elastic strains. From the strength of the
observed signal, the measured concentrations and the estimated
volumes; it appears that the chromium ions which contribute most
to the linewidth congregate in the elastically strained region.
This region is related tq the mosaic structure not the c-axis
‘misorientation,.which explains‘why AP is related to the mosaic
structure only.

The dislocation pattern depicted in figure ll was
~assumed to be fofmed from simple edge dislocations. More complex
' systems probably existed in the samples, but neither the X-ray

nor the linewidth measurements could detect these readily.
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CHAPTER EIGHT.
 CONCLUSIONS.

Conclusions drawn from the experimental
work; discussion of the growth process;
comments on maser action in these materials;

thoughts about possible future work.

CONCLUSIONS DRAWN FROM THE EXPERIMENTAL WORK.

| : The X-ray work revealea thatiin every type of boule
ekamine& the é-axis changed direction from place to place by
'ﬁs much as 3° and that superimposed on this was a random
distribution of mosaic with variations in the c-axis direction
from crystallite to crystallite of up to 3°. The linear
dimensions of the crystallites varied from microns to
millimetres. The boules grown in the 90o growth direction were
‘observed to contain less polyerystalline material than those
grown in the other directions. Annealing of the 0° growth
direction ruby boules did not improve the;r structure but it
. did improve their ablility to withstﬁnd handling. There was

.no apparent connection between fhe distribution of mosaic
structure in a boule and its crystallographic structure. In
Ookgfowth orientation boules the regions of good or poor
material extended parallel tQ'the growth direction. This

wéuld be consistent with the propagation of dislocations from
the seed crystal during growth. In boule 319 a plane of good
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material was observed between the seed crystal and the main
part of the boule. This was explained as follows, when
the boule reached a certain size‘thermal'stresses would be
“large:and would form grain boundaries by polygonisation. The
élane of good material occurred in the region close to the
seed where the streeses were less and the polygonisation
process was unlikely to take place.
| Chemical etching revealed the sites of edge

.ldiaiocations on the (0001) plane of the boules. The random
dislocation densites in boules of every type, and in one seed
crystal, were similar. The similarity'of the imperfections
in ruby and corundum, together with evidence that the chromium
is fdund in larger amounts in the distorted regions of the
ruby boules, was taken as demonstrating that the chromium does
| not‘form ﬁhe dislocationé but tends'tb congregate in the
dislocationé during the growth process.’

Paramégnetic'resonance linewidth measurements were
performed on fwo samﬁles, 3375,'which had been annealed at
1930°C, and GRa, which was from the same boule as the first
rod of English made ruby ﬁo be used in a laser. All the
transitions examined showed‘broadening as the polar angle was
| altered from eithef 0° or 90° towards 45°. The amount of
o brgadening depended on the sample as well as the transition
éxaminad and it reached a maximum in the region of h5° or 55°
depending on the transition. The linewldth was fitted to an
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expression of the form

= o '
Ali% Hoasic * AP dH/4P. 8.1

Hbaéié was estimated at the various polar angles from the
values of. linewidth at the angles where dH/d® = 0 and AP was
the mean value of the mosaic misorientation. C-axis
'miSCrientation of nearly'lo did not appear to produce any
 _angular dependent broadening. The value of AD calculated
from the linewidths agreed quite well with the value calculated
from the X-ray fesults.‘ Broadening caused by non-uniformity
of the crystaliine field was not present.

: The shapeé of the lines examined were usually
cloéer to CGaussian than Lorentzian, ' Some of the lines in the
. less berfect sample, G2a, were distorted from their usual
'ﬁear’symmetrical shape by the mosaic broadening.

A more complete analysis of the width of the
-4 to +34 transitions revealed values of the chromium
concentration whiéh helped to produce the linewidth. These
ialues were larger than the values revealed by chemical
methods and were taken as being the values of the local
concentration in the grain boundaries and dislocations.
DISCUSSION OF THE GROWTH PROCESS.

The‘basal andfprismatic slip systems encourage the

growth of large boules in the 0° and 730 growth orientations.

The 90° poules are usually smaller. Because of the difference
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ih éize, the thermal stresses in the 90° boules are likely
to be less than in the other boules and so the action of
polygonisation in the 90° boules is likely to be less. The
 polygonisation process can generate dislocations as well as
form gxisting groups of dislocations into grain boundaries.
>Therefqre, even with an almost perfect seed crystal, if the
boﬁle-is under stress during the growth process, dislocations
and grain boundaries are likely to occur. As thermal stresses
are ie;ast likely in small 90° boules, it appears that the
best material should result from using thé seed crystal with
the lowest dislocation density to grow a small boule in the
90° orientation.

.‘ Any attempt to reduce thermal stresses by reducing
the temperature gradients in the furnace is usually very
difficult to put into operation and it may make the growth
proceés longer by slowing the cooling rate. It is the thermal
gradients within the boule which have to be adjusted to reduce
the fhérmal stresses, not'those within the furnace, although
Iit is obvious that altering the latter will alter the former.
Sometimes it may be advant&geous to have a large temperature
gradient within the boule so that the inner regions of the
boule cool to the solidification point rapidly.

COMMENTS ON MASER ACTION.
o Crystals of the type dgscribed here would_havé

Several effects on maser action. The angular broadening of




the -‘%'to + 3/2 transition, which could be ﬁsed as a pump
transition, would mean that ét some angles pump power would
be lost in the wings of thevtransitioﬁ. The angular
| broédening éf the major transitions; on the other hand, may
be useful in alloﬁing a wider bandwidth for the_signal. The
spread.in theldirections of the c-axis may mean that at

any one orientation where the angular position is critical
part'of the crystal is not undergoing maser action. The
higher‘local concentrations in the poor material mean that
cross-relaxation is more effective and this too may cause a
'loss of pump power. For ruby masers working at témperatures
above those of liquid helium the extra cross-relaxation may
belan advantage. These comments show that the effects may

or ﬁay not be a&vantageous depending on the exact requirements
"of the maser system. _

| If the small 90° growth boules are of bétter quality

than the ones‘described here it may be possible to fabricate
. large piéces of ruby suitable for use in masers or lasers.

The accufacy required in aligning the various blocks with
respect to one another will discourage attempts at a widespread
usé of this technique.

| The quality of any sample of ruby can be Judged
from three measﬁremenfs of the half widths of transitions.
They are the =3/2 to - % and the -% to +%¥at o° polar angle,

and the - # to +% at 55°. From these, the magnitudes of the




TABLE 10.

vCHROMEUM‘CONCENTRATIONS PREDICTED FROM LINEWIDTHS.

Sample 337c . Sample GRa

‘Polar | 0° 55°(a) . 55°(b) 0°  55°(a) 55°(b)
‘angle

Measured 32:0 289 28'9 244 29°2 29°2
linewidth ' ‘ '

- (oersteds)
" Adjusted = 3240 18°8 17°9 - 24°4 1l2°2  15°1
linewidth

(oersteds) :

Concentration 03 02, 023 0°17 0°16 0°2

(weight %)

é .Adjusted linewidth applies to the values at 55° where
 allowance has been made for the broadening of the line
 caused by mosaic structure and the contribution to the

width from hyperfine interactions. This latter

;cdntributipﬁ was taken as 9.7 oérstedé, its theoretical

value. In calculating the broadening caused by mosaic

étructure,_qaée (a) is the value estimated from the X-ray
valﬁe of the mosaic m;sorientation, case (b) is the

. value estimated from the linewidth value of the

. misorientation.



-111l-

mosaic migsorientation, the non-uniformity of the crystalline
field and the chromium concentration can be calculated. If
_more Accuracy is required'in the value of the mosaic

misorientation, it would be advantageoﬁs to measure the half

width of the =3/2 to - % transition at the polar angle 15°

also.
- FUTURE WORK.

One of the projects which couid be started
immediately with the spectrometer used for the measurements
described here is.a similar investigation of the -3/2 to +-é

~and the -3/2 to +3/2 transitions and a full investigation
of several more samples to confirm the importance of mosaic
sffuctuﬁe as compared to the c-axis misorientation. It
would.alSO be ihteresting to investigate some samples from
90O growth orientation boules and from boules with low
dislocation densities. The quality test suggested at the end
of the last section could be applied to small pieces taken
from different regions of the same boule in order to check
'the distribution of mosaic structure and chromium
concentration and their correlation.‘ By experimental or
theoretical methods the basic linewidth in undistorted
| Aéamples ought to be estimated. This parameter had to be
assumed above. One‘last suggestion ia to attempt to
correlate the measured 1inewidth§ to the strain around the

dislocations in the samples and ﬁhe displacemenf of the atoms
connected with the dislocations.
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are caused by local high concentrations of chromium. Thus to achieve better homogeneity
of doping tHe mosaic imperfection should be reduced, for example by better control of the
temperature gradients occurring in the growing crystal.

Similar arguments apply to the distribution of iron impurity concentrations.

Acknowledgments

We wish to acknowledge the co-operation received from The Thermal Syndicate Ltd.
throughout this work.

Two of us (D. A. C. and D. R. M.) also wish to thank the Department of Scientific and
Industrial Research for its award of maintenance grants.

Department of Applied Physics; J. S. THORP

University of Durham. D. A. CurTis
: : D. R. MasonN

29¢th January 1964, in revised
form 18th March 1964

DiLs, R. R., MarTIN, G. W., and HuGGINs, R. A., 1962, Appl. Phys. Letters, 1, 5.

DopsoN, E. M., 1962, Analyt. Chem., 34, 966.

ScHEUPLEIN, R., and Giess, P., 1960, J. Amer. Ceram. Soc., 43, 458.

THORP, J. S., and CurTis, D. A., 1964, 3rd International Symposium on Quantum Electronics, Paris
1963. (New York: Columbia University Press), in the press.

Yonemrtsu, H., and MARUYAMA, T., 1962, J. Chem. Soc. Japan, 65, 1729.







«ll3=
APPENDIX TWO.

THE CALCULATION OF TRANSITION PROBABILITIES
IN THE GENERAL CASE

The experimental arrangement deviated in two respects
from the perfect arrangement assumed in chapter four for the
calculation of the transition probabilities. The c-axis
of the specimeﬁ was not parallel to OX nor was the guide
phrallel to Oy. The situation is shown in figuré 23.

The components of and H, along x,y and z are
' 4

Ho = Hx dm¥ ot § Hu = Hz 4sw€ et
HK = Hx 4Y 448, HX = Hz diuc gon L A2.1
- H, = Hx et ¥, He = Hz et €.

These components ca&use the transitions and by combining them,
tﬁaking account of t'hg phases, the transition probabilities can
be célculated. However, by careful adjustment of the wavegulde
so that it is perpendicular to the x-z plane, X= 0°,

€ =1 = 90° and J = 0° because OX is then in the x-z plane.

- Therefore, the expressions in A2.1 simplify considerably to

H)c = Hx «4'—“5/ Hn = HZ) H& = HX Cot h/‘ AR.2

7
It is known from the X-ray and etching work that

' ﬁ < 59.' The mean direction of the c-axis can be resolved onto
the walls defined by rs and by rt where it has the values >\a.nd
/‘1 respectively. Then B = y+ )\ as rs is in the x-z plane

-because 0<= 0°. Then expressions A2.2 become

M= Heaiw (0)), Hy = My Hy = Hxem(® £2) s2.3

o




KEY TO FIGURE 23.

¢ is the c-axis, r is 0X, g is OY and t is 0Z.
Oz is the magnetic field direction.

The coordinates of ¢ are © , ¢ ; the
coordinates of r are ¥ , 6f; the coordinates

of t are €, 1.

The angle between t and Oy is &,

The angle between ¢ and r is f?.

‘K’is the angle between the magnetic field
direction and OX (the broad dimension of the
guide).

§ 1is the angle between Ox and the intercept of
the plane 0z OXwith the vertical plane containing
Ox. (Horizontals and verticals are with respect
to the floor.)

€ and i are similar for OZ.

Hy is parallel to r and H, is parallel to t.




COORDINATE SYSTEM FOR CALCULATING TRANSITION
PROBABILITIES .

FIGURE 23 .
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In the calculations performed in chapter four the
effects'of )\were neglected because it was desired only to
compare the probabilities at two neighbouring polar angles

fanﬁ'not to calculate the absolute probabilities at these
pblaf angles. The angle/ﬂ means that the c-axis is not in
the x-z plane even if rs, the waveguide, is, /H projects
into the x-y plane and it irdicates the permanent
migorientation of the é-axié about 0z and is the ¢ coordinate
| of the system. The variations in¢ are about this direction
- '-//"bﬁt in the case'of the calculation‘in chapter four this is
not 6f importance because; through the eigenvectors,//!will
Iafféct the transition probabilities at each angle@) by the

same amount. For comparison purposes it is adequate to take
/L"=.O°. .

negiecting of terms are not always correct; espeéially if

,The_assumptibns given above concerning the

X is not exactly equal to zero. Hx has two terms, one
~is  Hx AmX esd  and the other is Hz A~ € 4=~ L, For
. okft'oo, e = i C:'90°, § ~ 0° and X/=_90° the term

in ﬁ is very much smaller than the term in HX' For G/= 0°

Z

howevef, the term in Hy is zefo so the térm in H, is the

,important term; Similar comments apply to Hy and Hz and
they should be allowed for in the complete calculation of
the probabilities. |

' - The importance of aligning the waveguide as
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accurately as possible in order to make X = 0° and so

make the above assumptiéns #alid, can now be seen. In this
case the simple calculations made to check whether the
transition probabilities vary rapidly with angle are reliable.
_Also, when X = 0° the angle at which the magnet is set is the
polar angle._ If.f?is made as small as possible, further
simplifications can be made. A second reason for having a

_ smali value of fgis that the specimens were more easily
examined by the X-ray and etching techniques in this

orientation.
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