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The British R.C.S.C. standard waveguide sizees used in the work

described in this thesis are as follows :

WG 16 .900" x oo 8,20 - 12,4 GHz
wG 18 622" x 311" 12.4 - 18.0 GHz
wa 20 20" x 170" 18.0 - 26.5 GHz
WG 22 280" x 140" 26.5 - 40,0 GHz
wa 26 21221 x 061" 60.0 - 90.0 GHz

('Specification for Tubing, Waveguide,' R.C.S.C., DEF 5351,
HMSO 1959)



ABSTRACT
3+

The spin-lattice relaxation times,T1, of Cr” 1ions in a
range ef samples of artificial ruby have been measured at
4.2°K, in the direct ( one phonon ) relaxation process regime,
at frequencies of 9.3, 16, 22, 35.5, and 71 GHz, corresponding
to magnetic fields, H, up to 25 kG.

These results have been compared with the predictions of -
the Van Vleck theory of paramagnetic relaxation, that T1 should
be proportional to H-'2 for a non-Kramer's ion and H-L+ for an
isolated Kramer's doublet. The observed dependencies, between
-0.3 and -1, at low magnetic fields are not in agreement with
thzouwy, but at high fields (between fields corresponding to
35.5 and 71 GHz) the average dependency for AM=1 transitions

4% H-2'55, indicating that the energy

at polar angle 900 is T
levels are tending to behave as iselated Kramer's doublets,
due to their increasing separation in energy and the decreasing
degree of mixing of pure spin states. At low fields the high
degree of mixing of states and the masking effect of the
zero field splitting on the field dependent energy separatien
of the energy levels appear to cause thé low degree eof
dependence of T1 on H.

In centrast te other published collations of T1 measurements

performed en different samples at various frequencies, all ef

these results have been obtained under the same experimental
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conditions from the same samples, frequency of obsermation
(magnetic field) being the only variable.

In addition to the variation of T1 with H,a linear
variation of ‘I‘1 with mean lattice strain, £ , derived from
observations of the linewidth broadening in the samples used,
has been observed. The design and construction of the

spectrometers used for these measurements is described in

detail
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Chapter 1
INTRODUCTION

1.1 MICROWAVE SPECTROSCOFY

Microwave spectroscopy consists of the observation of the
interaction with atomic systems of electromagnetic radiatiom in
the microwave region of the Spectrum; this broadly being from
1GHz. to 300GHz., the high frequency limit between microwaves
and the far infrared being rather ill defined.

The nature of the interaction is essentially magnetic, and
takes placé, at these frequencies, between the magnetic component
of the electromagentic wave, and the magnetic dipoles of the
electrons of the atoms or ions being observed. 1In the case of
paramagB@tism, certain ions possess unpaired eclectrons in unfilled
orbital shells, and it is these electrons which give rise to a
residual magnetic dipole moment, In the case of solids, if
paramagnetic ions are distributed in a diamagentic host lattice,
the magnetic properties of the material will be dominated by
those of the paramsgnetic ions, although these will be modified
by the influence of the crystalline electric field of the host
lattice at the paramagnetic ion site.

The first experimental observation of the interaction of
microwaves with matter was that performed by Cleeton & Williams
(1934), who observed the absorption spectrum of ammonia at
frequencies between 7 and 30GHz., although severely hampered by
the lack of any commercial microwave equipment available at that
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time. The rapid acceleration of research into microwave apparatus,
cauged by the requirements of radar during the last war, made the
ready availability of microwave gemnerators and circuit elements
an inducement to continue research in the subject, and resonant
magnehic
[absorption was first reported by Zavoisky (1945), and Cummerow

& Halliday (1946).

1.2 THE PARAMAGNETIC ION IN A CRYSTALLIWE ENVIROMMENT

A free ion has associated quantum numbers J, L and S,
corresponding tc the total, orbital and spin angular momenta
respectively; J being the vector sum of L and 8, and a result
of quantum theory is that the ground state of such an ion has
degeneracy (2J+1) in the absence of any applied magentic field.

The strong electric fields present in a crystal lattice can
modify this quantum state in several ways. The first is the
breaking of the coupling between L and S, resulting in the orbital
ground state degeneracy being due to S alone, and thercfore (25+1)
in value, the higher orbital states being usually far rcmoved in
energy from the ground state: this condition is known as
'quenching'. The second effect can be a partial lifting of the
degeneracy of the ground state, subject to the limitation of
Kramers' Theorem (Kramers 1930) which states that an ion with an
odd number of unpaired electrons must retain twofold degeneracy
of those levels. The energy splitting caused by this lifting
of the ground state degeneracy is called the zero field splitting,

and frequently corresponds to quanta of microwave radiation.




This situation applies in the case of ions of the iron
group of tramsition elements, only the lowest orbital energy
level normally being populated, and the energy splitting of the
higher orbital states corresponding to quanta of emnergy of optical
frequencies.

In a crystalline environment, if the spin-orbit coupling
is incompletely quenched, the degeneracy of the ground state may
not correspond to the true spin quantum number of the free ion,

S, and therefore an effective spin, S', is assigned to the ion,
such that the observed degeneracy is (25'+1). 1In the case of
complete quenching S' is equal to S.

The application of a magnetic field, H, causes further
lifting of the degeneracy of the ground state, splitting the
levels into discrete spin energy states, with an energy separation
E, where

E=gBHM 1.01
where @ is the Bohr magneton, the unit of magnetic moment, g is
the spectroccopic splitting factor, =gual te 2.002 for a free
[spin, and otherwise giving an indication of the degree of orbital
quenching, and analagous to the Lande g~factor for a free ionj
M is the magnetic quantum number, having values in the range +S'
to =S'. A quantum mechanical selection rule dictates that
transitions may only be observed between spin states for which

OM = 1. This only applies however for pure spin states, and a



further effect of the crystalline field is to cause mixing of the
pure spin states. Thus, 1in an ion having S' = 3/2 (e.g. Cr3+),
an energy level | i) may be described, using the notation of Dirac

(1947), by,

WY =2, 43/Z> + b 11/2) + c1-1/2) + 4,4-3/2) 1.02
the eigenvectors Bipeee being normalised by,

2 2 2 2
]ail + lbil + lcil + ]di] 1 1.03

The consequence of this is that the selection rule &M = 1 breaks
down, and the so called 'forbidden' transitions may be observed.
Using ce3t in Al704 (ruby) as an example, when H is parallel to
the trigonal axis of ruby (described in this thesis as the c-axis,
or by polar angle 9=0°) the cnergy levels are pure spin states,
13/2» , 11/2 etc., but as & is changed, so the degree of
mixing (the values of a;,b, etc.) varies, and so transitions
which could be described by AM = 2 and AM = 3, become observable,
the relative intensities of the allowed and forbidden transitions
being determined by the values of the eigenvectors.

Figurc 1.1 shows the energy level diagram for the ground
state of Cr3+ in ruby, showing the effects of the various fields
which lift the degeneracy of this orbital level,

The spin Hamiltonian (Abragam & Pryce, 1951) is a
convenient description of the ground state levels of an ion.

The precise form is a function of the particular symmetry of the

host lattice, but generally it can be expressed as:



4
l A
0% e
Ve
+ A
/2 =
¥ <" Th46GHz O+ <
~ \'7_"[ + < \‘\
23/2 1
| N
> \
G
o
Ly
e |
LI Hlc-axis)
GROUN CUBIZ FIEL.D TRIGONAL FiELD APPLIED MAGMETIC
STATE SPL_ITTING SPLITTING HEILD ZEENMIAN SALITTING

1}

A
i

FIGURLE .1 GROUND STATE ENERGY LEVELS CF C+ iy

ALUMINA | SUBJECT TO STARK AWD ZEEMAN SPLITTINGS BY

CRVSTALLINE ELECTRIC AND APPLIZD MAGNETIC FIELDS
Cnot to scaled



= ' 12 at ' 2 'y
xa SPE'E + l)(Sz + 5'(5'+1)) + E(Sx + Sy ) + HFS terms 1.04

The first term represents the energy of the spin magnetic
moment due to its orientation with respect to the applied
magnetic field, The second term possesses axial symmetry, and
is proportional to the transverse component of $', and may be
interpreted as a quadrupole interaction between ion and lattice.
The third term is a non-axially symmetric anistropy in the x - y
plane due to an electric moment of high order. The energy
separatiog of the ground statec levels in zero magnetic field is
due to the D & E terms in the Hamiltonian; in an axially
syumetric system, such as ruby, with S' = 3/2 the term E is
approximately zero, and hence the zero field splitting is 2D.

If the nucleus of the ion has a nuclear magnetic moment,
then additional hyperfine splitting (HFS) terms must be added to
?£s’ but in the case of ruby this is not necessary. The values
of the constants inﬂﬁb for ruby as measured by Geusic (1956) are:

1

gg = 1.9844 g, =1.9867 2D = -0,3831 cm = = 11.48 GHz.

Using the spin Hamiltonian, the solutions of
H 1> = E Vi 1.05

are derived in terms of E., the eipgenvalues (energies) of
the statesii) .

Figure 1.2 is a diagram of the energy levels of the chromium

ion in ruby at polar angles of 0° and 900, showing the various
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allowed trancritions at the frequencies with which this thesis is
concerned., The notation used is that of Schulz-du Bois (1959),
assigning quantum numbers from 3/2 to -3/2 to each energy level,

in order of decreasing energy, although these numbers only
designate the corresponding pure spin state at a polar angle of 0°.

1.3 ELECTRON SPIN RESOMANCE

This is one of the titles given to the technique of
investigating the energy levels described by the observation of
the absorption of radio frequency (r.f.) power in a spin system
in a magnetic field; the quanta of r.f. energy exciting resonant
transitions between the Zeeman energy levels of the ground state.

The macroscopic influence of an r.f. magnetic field on a
spin system was described phenomenologically by Bloch (1946) in
terms of a dynamic complex susceptibility,™, having real and
imaginary parts X' and'. The real part of the susceptibility
represents a reactive effect, zero at resonance, which will alter
the phase of the r.f, field, or, if in a cavity, will alter the
frequency of the cavity. The imaginary part is responsible for

the absorption of power by the spin system according to

Pig = -iu,.x_'u 1.06

where the r.f. magnetic ficld is of magnitude Hrf, and angular
frequencyw . 2 and ¥' are both frequency dependent in the region

Gflﬂb, the resonance frequency, as shown in Figure 1.3.
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In microscopic terms, the rower absorptien
may be dealt with by first order perturbation theory, whence it
may be shown that, for a simple two level system, the transition

probability,‘dllz, of a stimulated absorptive transition is

W, = £hnle0) 1.07

where g()' ) describes the resonance lineshape in terms of
frequency. The associated power absorption is simply the
product of transition probability, population difference between
the two levels and the energy of a single quantum of r.f. power

involved in the transition

e H
SF
= _-_-_r_f-)

Pabs i

2
g(”)-(nl - n2) v 1.08

g(») is a normalised function, so that \{;}y )Jd¥ = 1; the form
of g(v ) close to the resonance frequency w is commonly
Lorentzian, although other symmetrical and non-symmetrical
lineshapes are found. Far from resonance the value of g(¥) is
approximately zero. TFor values of.r..;o lying in the microwave
region, the resonance condition, that the r.f. quantum energy
should equal the splitting of the paramagentic energy levels
(eq. 1.01) :-

E=gfH_ =, 1.09

is met by magnetic fields cf several kilogauss,



1.4 THE SOLID STATE MASER

In 1917 Einstein pcstulated that in a multilevel system of
discrete energy states, the effect of incident rediation of the
correct frequency would be to stimulate both upward (absorptive)
and downward (emissive) transitions within the system; that the
stimulated emission would be coherent with the incident radiation,
and that the probabilities of stimulated emission and absorption
would be equal.

Normally the population n, of a lower level, of energy E

1

is higher than the population n, of a higher level, Ey» the

1’

relative populations being determined by the Bolzmann statistics

as
b R exp ((E,=E)/kT) 1.10

n, 2

T being the sbsolute temperature of the system, and k Boltzmann's

constant. Therefore, in a system in thermal equilibrium, power,

P, will normally be absorbed from incident radiation of frequency

Y, wherc hw = (E1 - EZ)’ since the transition probabilities for

abscrbticn, le, and emission, Wyqs are equal, but nl) n,

(eq. 1.08)

1.11

Pabs=hvwlzn1 -~hwW,..n, =hwvW -n

21™2 12(71 = 1y)
There is also a probability of spontancous emission from level

2 to level 1, but this is so small that it may usually be igncred.



About 1951 Townes, and separately Weber (1953), proposed a
device in which the populations of the energy levels were inverted
sc that nl(nz, which would result in stimulated emission in a
suitable radiation field, and this was put forward as an
amplifying syétem for microwaves. In 1954 Gordon, Zieger &
Townes achieved coherent radiation at 23.9 GHz. by
electrostatically separating the excited motecules from a beam
of ammonia, and directing these into a microwave resonant cavity,
and coined the name MASER for this device (Microwave Amplification
By Stimulated Euission of Radiation). The use of a three level
system, invclving an additional source of r.f. power to achieve
inversion, or partial inversion, of two energy levels, and
emission from a transition to an intermediate level was proposed
by Basov & Prokhorov (1955), and extended independently by
Bloembergen (1956) to include the use of the parsmagnetic energy
levels in a solid as a c.w. tﬁree.ievel maser. The first
deﬁonstratiﬁn‘of a Bloembérgeﬁ type maser was by Scovil, Feher

3+ ions in lanthanum ethyl sulphate,

& Seidel (i957), using fhe Gd
an& tﬁe firet use of ruby as a maser material was by Makhov et.al.
(1953). Figure 1.4 is a diagram of the energy levels iﬁvolved
in the operation of a three level maser.

The operation of a three level solid state maser imposes

several stringent conditions on the spin system to be used.
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Firastly, there must be three suitsble paramagnetic energy levels,
whose splittings can be brought into the microwave region by the
application of a magnetic field, and are such that sufficient
pump power is available at '913 from a microwave generator, and
the signal frequency,‘\)23 or ’viz, is one at which there is a
requirement for low noise amplification of low level signals,

The paramagnetic and host lattice ions should preferably have no
nuclear nmagnetic moment in order to eliminate hyperfine splitting
of the levels, and the crystalline field at the active ion should
be such that the mixing of pure spin states (eq. 1.02) causes a
large matrix element betwecen levels 1 and 3 (the pump transition),
giving a high transition probability W13, and allowing this
forbidden A¥ = 2 tramsition to be used at a reasonable pump
power levzl.

The concentration of paramagnetic icns must be high enough
to overcome losaes in the maser cavity and circuitry, and to
give a useable power cutput, but must be low cnough to reduce
spin—gpin interactions to the minimm, which implies a narrow
linewidth, to aliow saturation of the pump transition (this is
equalisation of the populations n, and n3). The values of the
spin-lattice relaxation times for the three transitioms is also
of the utmost importance, as they determine the inversion ratio,

I, defined as the ratio of the population differences between the

signal levels in the inverted and thermal equilibrium cases;
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attainment of a high value of I is one of the chief criteria for
optimum maser performance.

In addition to these electronic propertics, a maser
material should have certain physical properties, viz: it must be
chemically stable and durable, but fairly easily machineable to
shape for practical applications, and also, in view of the fact
that all masers are operated at low, usually helium, temperatures,
it must be capable of withstanding thermal shock, and also have
good thermal conductivity at these temperatures to avoid heating
of the material due to the absorption of pump power, The host
material must also not be lossy at the frequencies and
temperatures involved. The material must also be capable of
being grown into single crystals, of at least centimetre
dimensions for most applications, and of a high degree of
crystalline perfection, without voids, strain, misorientation of
axes etc., and with homogencous distribution of the active ions,

The fulfilment of all these requirements has ecliminated
wany materigls which otherwise may ﬁave satiofied some requirements
only, and the material which has achieved foremost utilisation
in practical masers is the system of Cr3+ in aluminium oxide,
ruby, which is the material examined in this thesis,

A limitation to the c.w. operation of multilevel masers

at very high microwave frequencies has been the shortening of
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relaxation times, and censequent degredation of the inversion
ratio, at milliumetric frequencies, These frequencies are
becoming an important part cf the microwave spectrum, due to the
very large potential bandwidths available, but the lack of very
low noise amplifiers operating in this region has inhibited its
exploitation for communications purposes.

1.5 PARAMAGNETIC RELAXATION

In order to describe the mechanism whereby a spin system
achieves thermal equilibrium within itself and with its
surroundings three processes must be considered. These are
spin-spin relaxation, cross relaxation and spin-lattice
relaxation, which is the main concern of this thesis. Spin—-spin
relaxation is the process by means of which the spin systen
achieves thermal equilibrium within itself, cross relaxation is
the attainment of equilibrium between spins of different species,
wvhile spin~lattice relaxation describes the way in which the spin
system transfers energy to the lattice.

Dipolar interactions within a spin system have the effect
of broadening the Zeceman levels of the system {(this is a
contribution to the homecgeneous broadening of the resomance
line), and they also effect the transitions between the broadened
levels by mcans of which excited spins transfer their enargy to
non~excited spins and hence establish equilibrium within the

system. Waller (1936) performed the first calculation of the
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spin-spin relaxation time, considering a simple S = } systen

TZ,
in low magnetic field, such that the Zeeman energy was less than
the internal field due to the surrounding nearest neighbour ions,

and obtained the result

6528 ! 1.13
=x
T2 hr3

N being the number of nearest neighbour ions at distance r from
the centre being considered. For pure paramagnetic salts with
typical interatomic spacings of a few angstroms this results in

T2 ] 10-9 secs., and even in magnetically dilute systems, T2

is very short in comparison with the spin lattice relaxation
time.

Kronig & Bouwkamp (1938) considered the case, usual under
E.S.R., conditions, of the Zeeman energy being much greater than
the dipolar energy, :

2,2 '

g PII» 3—%— © 1,14
and in this si:uation found that -

T, = -6-5%21&- exp(H/Hi)2 ‘ 1.15
where H, is the average internal field due to the other spins
acting at the spin in question. 1In order of magnitude 1/T2 is
equal to half the hcomogencus resonance linewidth, and since it
does not involve the lattice energy, it is essentially

temperature independent,
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For more complicated spin systems, either with §> } or
containing more than one type of spin centre, the process of
cross-relaxation, discussed by Bloembergen et., al. (1959), and
further by Grant (1964), must be considered. Where the levels
of a single multilevel spin system are exactly, or to a close
approximation, equispaced, or where the energy spacings of the
levels are in simple whole number ratios (harmonically spaced,
Chang (1960) ), or where these relationships apertain between
the cnergy levels of two different spin systems in the same
sample, then spin energy may be transferred by the transition
of one or more excited ions to their ground state, with the
simul troeous trnasition of a2 non-excited ion to an excited
state, the total spin energy being conserved.

If the energy spacings of the levels involved, say h~ga
and h))b, are not exactly equal, so that, say,

Zh\)a & hy, 1.16

implying that the simultaneous downward transition of two 'a'

spin results in the upward transition of one 'b' spin, then

the dipole = dipole coupling will take up or supply the energy
difference necessary for energy conversion. Measurements of
cross-relaxation times (Pershan (1960), Mims & McGee (1960)),

and harmonic cross relaxation (Kopvillem (1960)) are in.fairly
good agreement with the theories of Bloembergen and Grant,

The time that it takes for a spin system to return from
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an initial perturbed state to a state in thermal equilibrium with
its surroundings (the lattice in the case of a solid) is known
as the spin-lattice relaxation time, Ty Considering a simple
two level system, with energy lavels El and E2, Ey ¢ Ey» and
respective spin populations Ly and n, ( n, +n, = N the total
spin population), the rates at which relaxation tramsitions
occur between the levels may be defined by relaxation transition
probabilities, Wiy and w,, for upward and downward transitions
respectively, (these are not the same as the stimulated
transition prohabilities W12 etc.). It is the calculation of
these transition probabilities from consideration of the
properties of the paramagentic ions and the host lattice, and
external experimental conditions, that theories of relaxation
have attempted,

Relaxation rate equations may be written describing the

rate of change with time of the populations, o, and 0,3

dnlldt S Wyyhy = Winny 1,17a

dnzldt = W0, = Wyiny 1.17b

Since M is usually very large ("Jlozo) it is permissible
to treat n, and n, as continuous variables, even though the
transitions do cause discrete changes of the populations. 1In

thermal equilibrium, the populations are constant, and so,

denoting the thermal equilibrium populations as n,, and 0, ,
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dnlo/dt = dn.,o/dt = 0, and this will be the case (c.f. eq. 1.10)
if,

wn/w12 = nlolnzo = cxp((E2 - El)/kT) 1,18
A single rate equation may be derived from 1.17 by subtraction;

dnlldt - dnzldt = dan/dt = (w21 - wlz)N - (w12 + w21)An 1,19

&n being the population difference, Ny = DOy, and Ano the
thermal equilibrium value. If the system is disturbed so as to
produce a population difference &n* at time t =0, then the
solution of 1.19 for the time varying value of An is;

An(t) =A.:10 + (An* - Ano) exp ~(w 1.20

12 * a1+t

The time constant describing the relaxation of An back to
equilibrium is the spin lattice relaxatiou time, T which can
therefore be written

T, = (le +w 1.21

1 21)
In the case, which usually applies at microwave frequencies,
that the exponent of eq. 1.18 obeys the condition

(E2 - El)/kT €1, then the approximation w = W1, may ba pade

21
ir. which case
Ty = by 1.22
In the general case of a multilevel spin system containing
p levels, relaxation will be a complex process involving all the
levels, and the general rate equation for the i th level will be,

(c.f. eq. 1.17)
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P

. = -
dnilgt | (wjinj wijni) 1.23

jei

as before, the transition probabilities between any two levels
will be in the Boltzmann ratio of the populations of those two
levels, (c.f. eq. 1.18)

Wij/wji = exp ((Ej - Ei)/kT) 1.24
Since the populations are all interrelated by the rate equations
it is not possible to perform a subtraction of the type which
results in eq. 1.19 in the two level case, but the relaxation
behaviour of the system will be controlled by (p -~ 1)
relaxation times, Tij’ where

'1‘ij = (wij + wji) 1.25

and so 1.22 may be written as

dn fdt = - 2_ Boyy = ((ny * ) (mg, + 05 ) Ani50 .26

=1
i#i 15

and the solution of 1,26 for the time varying population of

level i will be sum of cxponential terms of the form:

|4
n. (t) = . +-?:& Cij exp _(t/Tij) 1,27
j#l

which oust be evaluated numerically.
In an experiment, the relaxation behaviour of a particular

level will frequently be dominated by one of the Tij's, having
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a large amplitude constant Cij’ and this will be the time constant
of the observed relaxation recovery, although more than one
exponential may be observed, but in the simpler two level case,
1.27 effectively reduces to eq. 1.20, which contains only one
exponential,

Waller (1932) made a calculation of T, in which he

1
considered that the spin and orbital angular momenta of a
paramagentic ion were completely decoupled, and that the spin was
influenced by the lattice vibrations (phonons) only by their
modulation of the dipolar coupling. This led to results which
were several orders of magnitude larger than the experimental
results cbtained from studies of r.f. susceptibilities by
Gorter (1936) at Leiden University, although the two main
processes (direct and Raman relaxation) were shown to agree in
form with Waller's predictions.

Later work by Heitler and Teller (1936) postulated that
the modulaticn of the crystalline Stark effect by the phonons
would provide a stronger relaxation mechanism, but still led to
relaxation times that were too long when compared to experiment.
Fierz (1938), Kronig (1939) and Van Vleck (1940) subsequently
refined the theory of the mechanism which is largely accepted

now, that the lattice vibrations modulate the crystalline field

at the paramagentic ion due to their displacement (strain) of
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the surrounding ions of the host lattice, and hence couple the
phonons to the orbital momentum of the paramagnetic iom, and
residual spin-orbit coupling then results in an overall coupling
between the phonons and the spin, this being the mechanism
whereby ecach individual spin transfers its energy to the lattice,
with no co-uperative effects from the other spins to which it is
coupled.

At the time Van Vleck thought that the comparison between
his calculations and the results of the Leiden group for the
Ti3+ ion "miserable", although this apparently was due to
decompositicn problems associated with the alum itself, for
subsequently this theory has had much success in describing the
relaxation behaviour of a wide range of paramagnetic systems.

The theory was amplified by Mattuck and Strandberg (1960),
using a modification of Van Vleck's approach to derive a
spin-tHlamiltonian formalism for the transition group ions, and
Orbach (1961) propused a third process involving real excited
states of the ion, which is especially relevant in describing
the relaxation of the rare earth ions. These theories of
relaxation will be dealt with in further detail in Chapter 2,
but some of the results of them will be quoted here,

In dealing with the relaxation of a single ion to the

lattice, three processes may be involved. These are the direct
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procese, the Raman process and the Orbach, or resonance relaxation,
process. These processes do not involve any co-operative
processes such as cross—rel axation, or exchange interactions
between clusters of ions, and are usually applicable only to salts
of low paramagnetic concentration,

In the direct process the spin relaxes from state {b) to
state |a) and in so doing emits a single phonon of energy

Eab' where Sab is the splitting in energy between the two

states.‘ Calculation of the transition probability for this
process for a Kramers doublet (one in which the two spin states
are time conjugates of each other of half integral quantum
aurber) leads to the dependance of T1 on temperature and applied

magnetic field being

T, = T 1.28
while for a non=-Kramers salt, the dependence is
e at¢ & 2.1 1.29
Tl a'( "'“'ab) T

Where gab is proportional to the applied magnetic field, then
T1 is inversely proportional to Hz.

The Raman process involves the scattering of a phonon of
energy hw)z') tc energy hv; where hvg - hw['J = & ab® This is
equivalent to the absorption of the phonon of hw' by the spin
in state }b> , causing a tramsition to a virtual state |c) ,

followed by the emission of the hﬁsg phonon, and relaxation of



21

the spin to state {a) . The calculated dependences for T, for
this process are, for a Kramers salt,
0.,~9 -2,.~7

Tl =bHT ~ + b1H T 1.030
7

the dependence of H-ZT- only being relevant under certain
circumstances, as discussed by Orbach (1961a). For a non-Kramers
salt the dependence is

7 1.31

T, = b'B°T”

The third relaxation process, the Orbach, or resonance
relaxation, discovered by Finn, Orbach & Wolf (1961) is also a
two phonon process, involving the absorption of a phonon h\;é
by the spin in state (b} , and its transition to a close lying
excited level Jc) , with a splitting A above the ground levels,
and then subsequent relaxation of the spin to state la) , with
emission of a phonon h\);, where, as for the Raman process,
h)J; - h!J; = 6;b’ but the state [c) is a real state, not a
virtual one. This process is only important if the splitting

& is less than the Debye energy, k\'fiD, wvhich is that of the

highest energy phonon in the lattice phonon spectrum., Ina this
case, the dependence of Tl on temperature is exponential;

T1 =cexp (- O /kT) 1.32
for both Kramers and non-Kramers salts, and the magnetic field

depends on both internal hyperfine and dipolar fields, as well

as applied field (Orbach, 1961b).
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In a system in which all these processes are operative,
the overall dependence of relaxation time on field and temperature
will be

Tzl = aH*T + BHOTY + b11-12T7 + c exp ( - A/kT) 1.33
for states which half integral time conjugates of one another,
otherwise,. for non-Kramers salts,

Tzl = a'HzT + b'HoT7 +c'exp (=~ & /kT) 1.34

The results quoted above all relate to relaxation in a
perfect lattice. Due to the complexity of describing an
imperfect lattice quantitatively the problem of calculating T1
in this case has not received very much detailed attention., The
effects on T, of imperfections in the lattice such as strain,
mosaic misorientation and charged defects have however received
some attention experimentally, and generally have been shown to
contribute to the inhomogeneous line width of the resonance
lines, and also to reduce the relaxation time.

With respect to eqns. 1.33 and 1.34, the temperature
dependence of T1 has received exhaustive study in many
paramagnetic systems, and the various dependencies, T-l' T-7
etc. havs been established under conditions which conform to
theoretical predictions, but the field dependence has received

relatively little study, although Davids & Wagner (1964) showed

. . . . e +
that potassium cobalticyanide containing Fe3 obeyed eqn, 1.28
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very closely, displaying a fo H_a degendence for the direct
process at helium temperatures from 4Gliz, to 12 GHz. A major
difficulty in observing the field dependence over a large range
of H is that the frequency of observation is proportional to
the magnetié field (eq. 1.09), and therefore several spectrometers
operating in different microwave frequency bands are required.

It was decided to measure the dependence of T1 on
magnetic field in a range of artificial ruby samples grown by
various methods, and to rclate this to their degree of crystalline
imperfection, for the following reasons;

(i) Very little attention has been paid experimentally to
this field of study.

(ii) The limitations, mentioned in sec. 1.4, on high
frequency wmaser action due to the reduction of Tl'

(iii) Other workers have found little definite frequency
dependence of T1 in ruby at lower frequencies,

(iv) There was already existing an evaluation of
imperfections in a range of ruby samples in the Department.

(v) Suitable equipment was partly in existence in this
Department.

This has involved measurements of T, at X, J, K, § and O

1
bands ( 9, 16, 22, 35 and 70 Gliz) with existing and recently

built spectrometers, using the pulse saturation method (Davis,
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Strandberg & Khyl, 1958), and the pulse response technique
developed in this Department (Brown & Thorp, 1967). All the
measurements have been made at helium temperatures, in order to
observe the direct relaxation in ruby., The theory, a
descriﬁfion of the apparatus and techniques, and results, are

contained in the succeeding Chapters.
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THE THEORY OF PARAMAGNETIC RELAXATION

2.1 Introduction

As noted in section 1.5, the first attempt to calculate
the spin—-lattice relaxation time was made by VWaller in 1932,
using a model in which the lattice vibrations modulated the
dipolar interaction directly, and although this work demon=-
strated the existance of the direct and Raman processes, the
relaxation times that it yielded were several orders of magni-
tude larger than experimental results., Later work by Van
Vieck (1940) gave a more exact form to the theories origina-
ted by Heitler & Teller, Fierz and Kronig, that the dominant
mechenism is the modulation of the crystalline electric field
by the phonons.

3

Van Vleck performed specific calculations for Cr *and
Ti3+ ions in alums, and this was generalised by Mattuck &
Strandberg (1960) to cover all iron transition group ions,

ing a spin Hamiltionian formalism, but retaipning the same
physical mcdel as Van Vleck. An account of this single ion
theory to show the derivation of the tramsition probability
and relaxation time from a phonon-spin interaction Hamiltonian

will now follow,

2.2 The spin—lattice relaxation time

As this is a single ion theory, the cffects of spin-spin
interactions are ignored, making it strictly applicable only

to very dilute systems. Also the effects of lattice
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distortion dus to the presence: of the paramzsguetic ion,

which may be of different size to the ion that it has

replaced, are disreparded, although Xlemens et.al.(1963)

have pointed out that this assumption may be fallacious,

but this point will be returned to later,

The perturbation treatment applied to an ion in a
lattice will depend upon the relative magnitudes of the
crystalline potentisl at the ion site, Vc’ the energy of the
free ion,iﬁg, and the spin-orbit energy, »L.S. Three cases
may be distinsuished.-

1. 2 LSV which is a2 weak crystal field, and is
found in tha rare earth ions, which have a filled outer sheill
of electrons which shield the spin-orbit interaction from v,.
2. :&0>Vc}§_ﬂ§, this is the case of a medium crystal
field, and is that found im the transition element ions under
wost circumstances,

3. Vc>i%b3§5t_ is the strong crystal field condition,
which occurs in the case of ions with unfilled 44 and 5d
shells, and for soume 3d ions, where therz is a considerable
degrece cf covalent honding.

The following theory considers case 2, the medium crystal
field, and for such an ion v, and AL.S can be considered as
successive perturbations oniﬂg, and in the lattice, a total
Hamiltonian of the form

A= w4 Vo 26SH +ALS + @LJH 2.1

1 =2 o2

may be written,?fl being the lattice vibratiomal energy,
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/ the Bchr magneton, 8 and L the spin and orbital angular
momenta of the ion, Athe spin—-orbit coupling constant, and
H the applied magnetic field,

2.2.1 The phonon field

The vibrations of a lattice can be described by a

Hamiltonian involving independent mcdes of vibratiom, which
is:

Ly . W ¥
+ 2VIW 2(1-.:“"4 +{"' ;L‘.

e S
P 'pip

. = z; 1 - k o o :__w
bt-.l D (Z%WP]_ ((1 PP +-‘--p p )

+ v (¥ ¥+ B E) 2,2
P3 P ¥ PP

whereab,cxg etc, are the Bose annihilation and creation

operators, and f£or each value of p there are three distinct

modes, of angular velocities up ’ QPZ and w_ , one of which
1

P3
may be regarded as longitudinally polarised, the other two
being orthogonal transverse modes. By using the commutation

rules for the Bose operators, the Hamiltonian can be rewritten

%W =
_._f»ll_

o v

*
biupup c;P + uw;(@gﬁp +;;;'gp) 2.3

h% now being the aungular frequency of the pth. longitudinal

wode, and u%

that of the pth.transverse mode, A simplification
of this description of the lattice energy which is frequently
made in relaxation theory is to assume the Debye mudellfor the
lattice, in which @, = a%, although usually wb)ca;, and p then
becomes the phonon mode number, and u¥ = VLEP} where v is the

velocity of sound in the lattice, an,d‘_lsD is the propagation

vector for the pth, mode. This assumption is equivalent to



assuming that the lattiece is iso%rcpic and dispersionlowss,
that all the phonon modes have the same velocity, longitudinal
or transverse, and that all the atoms in the lattice have the
same mass and amplitude of vibrationm.

The zllowed energies of a mode are now the eigenvalues
Hwn of Uwo . , and the eigenstates of the complete lattice
may now be written as ﬁnl,nz,n3D

number of phouong in the pth. mode (the occupation number).

.e.nn..ﬁ} where n, is the

The lattice Hamiltonian can now be written
5 = z‘ A s, K g + | .
i = 5 b legsy ) 2.4

and the phonon annihilation and creation operators have non—

zero off diagonal matrix elements given by

&1*) . I"— u-“apn . ;) (np + 1) L ln s e} +1. . 0"’

(np)* As ..np—l...) 2.5

,
».
vty
B
-

. L ]
.
A
]

using the Debye model, the density of phonon modes in the
crystal is

F@) = dn/dw = 3wV 2.6

providing @ is less than the Debye frequency, 2iv(3N/#ﬂV)1/3,

where V is the volume of the crystal, containing N atoms. The
average thermal equilibrium occupation number of the pth. mode

is given by the Bose-Linstein formula:

- . |
n = (exp(fw_/kT) - 1) * 2.7
by (exp( b ) )

If the equilibrium position of an ion in the lattice is

designated by a vector ¥, and the displacement from this
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position in the a direction due tc the phonon inluced sivain
by U where a can be zany of the Cartesiaa directicns x.¥.2,
then G, can be written, after Klemens (1958), as:

(°H/w)%§~ (w =4 @ (“ I'O‘H\)cos}(k .r +A ) 2.8
where M is the mass of the crystal, @pals the a compouent of
the unit polarisatior vector for the pth. mode, and./.-S.p is an
arbitrary phase factor for the pth. mede.

2,2.2 The crystalline electric field moduiation

The crystal fieid potential at the paramagnetic ion will
be modulated by the displacements of the neighbouring atoms due
te the lattice vibrations described ahove. If the nearest
neighbour cluster only is considered, the vibrations may be
described in terms of the normal coordinates, Qf, of the cluster
with respect tc the parawmagnetic ion (Van Vleck, 1939), and
the modulation of V, the crystal field, may be expanded as

a power series in terms of Qf'a.

V= V + ‘Q -
;‘7{3{ 2 'ﬂ"Qf"Qf' QQer + veeee 2.9
where V is the static crystal field at the spin. The Qe
are linear combinations of the ordinary displacements of the
nearest neighbours:
%= % Paa P 2-10
wiere Erla is the displacement in the a (= x, y, z) direction

of the lth nearest neighbour, at vector position r. with respect

1

to the spin, assumed for simplicity to be a2t the same positiocn
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as the paramagentic iom nucleus. Using 2.8, the ?:r_.s_a can be
expandad in tenss of the normal phonon wodes, using the long-
wavelength approximation, (Ziman, 1982) that the phonon wave-
length is nmuch larger than the iateratomic spacing within the
naighbour cluster, and so,

{-
~

b ol
= (2h/¥)* (i) @ (o +2BK .z sin D 2.13
( ) }—;J_, ( p/ ) ¢pa( . p)-p— in 8p

1

where X is the unit vector in the _l_:_p direction, and the
substitution f_l'c‘p' = @ /v has been made.
Hence, substituting eq'ns 2.10 and 2.11 into 2.9, the

expression for the dynamic lattice potential becones

v=Vv + §°v (w+«*)+$:_"' )
‘an ¢ %*
o £ fAfp P P ££7pp! ff,Aprf, (c:'PM( )(arp.+ ' 1t
2.12
2
_ : . dy av
In which expression V_ = —7-— v = e
£ 3Qf z ££" AQf '&Qfl
(Zh T~ )i
and A . .
R,
( 2 2 sin Ap i:a ¢pan1a -t-{-p"'r-l *
(v
2.2.3 The transzition probabilitcy
With reference to eqn. 2.1, the total Hamiltonian can now
be written as;
g Wi (u*cﬁp + 1)+ ;{; + Vo + ZFE.E + }(_I:._g +ﬁ_L_-_li +
T % - *
T Vehe, (as + ) + }:"_:_'vff.Af £'p ( +, )(m .-mp v)
fp ££70p 2.13

which may be subdivided into three parts, ;{L » "fzs, ;EI’ the

lattice Hamiltonian, involving only lattice parameters, the
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spin Hamiltonian, (c.f. eq. 1.4) which Jescribes tha grovad
state cnergy lavels of the ion, and involves only parameinis

nf the paramagentric ion in the static crvstal field of the host
lattice, and the interaction Hamiltonian, which involves mixed
parameters, and can be regarded as describing energy conserving

. . . . . S Ay
transitions between the elgenstates of uﬁé and #{;.

e, o :
D
& s o 7 n 2 T ’ . v + oo 9y
Mg = PLy+ Vo r 285 ¢ RLS + 5 LI 2.15

p+,.>,’;) + é%' Veprde A ‘p._(w;+a§:)(u(p,+a.§')

b
i
7
<
i
H=d
H
el
~
-

2.16

The caeleulation of the relaxatien transition probabilicy
- . . £) . .
involves couputing the matrix clements of e*i hotween sinul-
taneous eigenstates of ﬁfé and ﬁﬁi, whiclh are given by the
" . ~ ~ &0 D2
soluticns of eq. 4,15, for &, and eqn. 2.5 for ZC .
b L

2.2.3.,a. The direct process

The first term in 2,156 is the largest, and usually the
second part is unimportant. As this is purely an electric
interaction term, it is operative only cn the orbital moment of
the paramagentic electron, and can thus be referred to as the
orbit-lattice interaction, éfgl. If two eigenstates of jﬁs
are designated |a) and Ib} (paramagentic cnergy levels),

and a gpin is initially in state /b3 , then under the action
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of 2%;1 a transition may be made to stst:z ¢a% , energy being
conserved by emission of a single phonon, of energy hﬁa = %ﬁ):
i.e. phonon mode p goes from occupation number an} to

?np + 1) .

Under first order time dependant perturbation theory the
transition probability per unit time for this process is given
(Landau & Lifshitz, 1959) by;

W, = 2/h I€a,n +1 %€, 16,0 | 2 o) 2.17

Using eqns. 2.5 and 2.6 to substitute into 2,17, and
suming over all ioms having a spin ir state |b} , and also

summing over all phonon modes

3 BZb ; G %2
Yba © N .54 ’.@"ﬂ:ol‘b/' Nb(nab + 1 2.18

2revth
where Nbis the population of state {b} , fﬁ is the density of
the crystal and . is the Boée-Einstein occupation number
(eq.2.7) evaluated for hw = gab'
The tramsition probability for the reverse process, the
absorption of a phonon by a spin in state $a) , and a transition
tc statelb) , must be subtracted from 2.18 to give a net rate

of change.Nb,w1th time, and then, providing that E 4 kT,

the relaxation time for the transition from!b) to {a} becomes;
3 §2 Kt o )
T, = —5 2 IKa | 84, 1bs

Wh/v

2.19



The distinction must now Le made between Kramere 2nd non—
Kramers ions, for the above expression, 2.19, is valid only
when the matrix element between states |a’ and {b} is non-
zero, which it is for states which are not time conjugates of
one another (non-Kramers salts), which may be connected by the
selection rule {n = 1, Thus, for a non-Kramers ion, T,
is inversely proportional to the absolute temperature, and to
the square of the energyseparation of the eigenstates {a) and
tbp» . VWhen the energy levels are varying linearly with
magnetic field, then the Zeeman splitting Sgb is proportional
to applied field, and so T1 will be inversely proportional to
Iiz.

For a Kramers salt (one with ions having an odd number of
electrons in their unfilled shell), it has been shown (Orbach,
1961c, Van Vleck, 1940) that it is a result of the behaviour
of Kramers conjugate states under time reversal symmetry that
the matrix element in 2,19 vanishes in zero magnetic field;
this was referred to as quadrupole selection by Mattuck &
Strandberg, and, after Van Vleck's original work, in which he
noted the cancellation of various terms bringing about this
zero result, it is sometimes known as Van Vleck cancellatior.,

In order to calculate T, in this case the presence of a

magnetic field is necessary in order to break the time conjugate
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nature of the Kramers doublet, L:ép> » by admixture of higher
excited states, Iq) , etc. of the ion, lying z}q above the

ground doublet; matrix elements so obtained are reduced by a
factor (ql(#_._li)' PS5 /a'q’ and the relaxation time is reduced

by the square of this, so giving, using g@H = o"‘:p
§

—'@‘5 AAIET l(qll,.ul-ip‘}.zf('ip' §play)” 2.10

where & is the magentic operator in the direction of H.
' From this it may be expected that for an ion with
S> } the only strongly allowed relaxation tramsitions will be
those between levels of different Kramers doublets, while for an
= } ion, the relaxation time will be inversely proportional
to the temperature,as for a non-Kramers ion, but will be inversely
proportional to Hl‘, which dependence has been shown in Fe3+

by Davids & Wagner (1964), as mentioned in section 1.5,

2.2.3.b Two phonon processes

The direct process, outlined above, can only use phonons
of energy &:ab/h, which constitute only a very small part of
the phonon spectrum, as usually Sab({ kT, and the peak of the
spectrum is around kT/h, the density of states being proportional
to ui (eq.2.6). The normal two phonon process, referred to
as the Raman process by analogy with optical spectroscopy,

compensates for this by using all of the phonon spectrum.
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A spin, initially in state ¢b) , can make a relaxation
transition to state ka) by inelastic scattering of phonons.
Thisproceeds by absorpt%on of a phonon of energy ﬁqvp, effecting
a virtual traunsition to a very short lived state lc) , which,
having a very short lifetime, has, by the uncertainty princip®,
i1l defined energy, and is therefore not a true orbital state
of the ion, but a virtual state. Almost simultaneously the
spin relaxes to state |a) , with the emission of a phonon of
energy h “h’ with the energy constraint;

by = Mler —0) 2.21

As long as Sab<i kT, this enables almost all of the phomon

spectrum to be used. The computation of L requires the use
" of the first term in eq. 2.16 to second order in time dependent
perturbation theory, and the second term to first order. As in
the case of the direct process, the first term is usually dominant,
and only this will be considered. The effective orbit-latticg
interactidn_for_thg-two phonon processes 1is noy,quthe form
(0rbac§,_1§61a);h .

K }-—: Feorliy 1%, /5, - 1) 2.22
where {1y is any intermediate ;tate, and E0 and Ei are the energies
of the initial and intermediate states., The transition prob-

ability is given by



g d Hr 2
~ 2 19\- l]-){ll ol ) "
W = 27Uh ,(a n +1| Z .O E lo,n 21 2@ )p(=)

2,23

x
where %01 = E‘ Ve (ot + ¥), x =p, q.

In a similar way to the evaluation of eq. 2,18, summing over all
spin sites containing {b} state spins, and subtracting the
transition probability for the reverse process, the relaxation

time 1s found to be

“5 VoD 4 en e 2
1 9 ;D ‘g (ailﬁqlll) ¢ 1RG0}, @IED DS B

T 3 -
1 AT{PZV 00 i ﬁwp Ai -l‘ia:q 6]-_

~

Plw ) pw) dw dw g o

where Ai is the emergy splitting from the ground state to the
i'th intermediate state.

Providing that the denominator of the integrand does not
vanish (i.e. hwp * £ .), and that Aif;kT, and that there is
no cancellation over the excited states ti) , 'hwp and %wq can

be ignored compared with Ai’ and for non-Kramers ions the

simplification;
1 _9(6%) q P
T, Ty 10 'Z o, 1 cal% o) 17 {2 L)

P q
R GF SR E AN b})
2,25
is obtained, containing the well known result that T, is

inversely proportional to T7, and independent of magentic field
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(or ground state splitting) for Raman processes i non=-
Kramers ions.

However, when }a) and [b) are time conjugate states of half
integral quantum number, the excited states ]i) will also occur
as time conjugate pairs, at the same energy, Z}i, and consequently
when li) is one state, say lc) ; only one pair of matrix elements
in 2.24 will be non-zero, and when |i) is the other state, say
ld} , the other pair of matrix elements will be non-zero, of
equal magnitude to the other pair, and of opposite sign (Orbach,
1961a). Quaniitatively,

(58 ta) CalHLIvy = -GIHEJe) ([HT 1) 2.26
Althoughzgp gzuq, ﬁu% and huh are of opposite sign, preventing
the sum of matrix elements being completely zero, and resulting

in the reduced relaxation time for Kramers ions;

L= 0tD? e a2 o g g i\ s aapD 2
R o B ' @G L CRED 1] 2.27

where the summation is only over states { i)} which are time
conjugate pairs. This gives the result that for Kramers salts,
the relaxation time is inversely proportiomal to Tg, and again
independent of ng and H, It has been shown by Kronig &
Bouwkamp (1938) that if the time conjugate nature of the Kramers
states is broken by admixture of other states by an applied

magnetic field, as discussed for the direct process, then '1‘1
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should be proportional to g2 7 for Kramers ions. This Lowever
will only be a significant addition to 2,27 if other excited
states of the ion are lying close to intermediate states |i) .
A further Raman type process was proposed by Orbach &

Blume (1962), which would occur in multilevel systems of Kramers
doublets, when the intermediate states |i) are ground level
states, not orbital states, and Qi(k h wp. Under the criterion
M A/ A )) KT, where A is the spin-orbit coupling constant

and Q the crystal field splitting, a dependence T m‘T=5 is

1
obtained at the low temperature end of the Raman region, but this
is more important for the rare earth ions and third transitiom
group ions than the first and second transition groups.

In 1961, Finn, Orbach and Wolf explained the relaxation

. 3+ . . . . . .
behaviour of Ce” in cerium magnesium nitrate as a spacialisation

of the two phonon process when Ai (keD (GD is the Debye

temperature), and the intermediate state }i) is a real excited
orbital state of the ion. Under these conditions the denominator
of the integrand in 2.24 vanishes as phonons of energy hwp- Ai
are now able tc emter into the relaxatiom process, and this
imblies a resonance between the phonon modes and static paramag-
netic energy levels. The phonons involved are principally

those of energy Ai' and energy is comserved at each step of

the relaxation process, as well as overall, The situation is

analogous to thet found in optical resonance fluorescence
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(Heitler, 1957), and the vanishing denominator is circumvented
by introducing a finite lifetime h/i’l for the spin in the
intermediate state, under the influence of 3{%1. The integrand
of 2.24 will have two peaks, at-ﬁtdp = A i and at

hodp = kT, but the former will be a narrower peak, and con-
sequently, although an additive term to the normal Raman

process, the resonance relaxation will be dominant, and the

relaxation time for this process can be expressed as;

3 PPV IR ] D s
1 s e [Keidlal D GUAEGI™ T
N awpy® CRETDID 6308 5y 7 14190

which shows the characteristic exponential dependence of T, on
temperature of T, eexp ( (}i/kT) for this process.

2.3 The phonon bottleneck

In the preceeding theory it has been assumed that the
energy transmitted from the relaxing sping to the phonon modes
is immediately transmitted out of the crystal to the surrounding
refrigeraat bath, thus not perturbing the phonon mode occupaiion
numbers, and allowing them to be replazced by their thermal
average values, This situation may not necessarily be so in
the case of direct processes, and possibly Orbach relaxation,
as both of these processes use only a very narrow resonant
frequency band of phonons, and so, at liquid helium temperatures,

where the specific heat of the phonons is very much less than
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that of the spin system, tﬁere may occur a rise of 'phonon
temperature' in this frequency band, corresponding to a phonon
occupation number'Eé, where

T = (exp( hoy /ET) = -t 2.29
where hwp = gab for the direct process, and TP is the
phonon temperature, Energy communicated to these resonant phonon
modes can only be dissipated by direct radiation to thebath, or
by inelastic scattering intc different phonon modes.

In these circumstances there will exist the so called
'phonon bottleneck', when the observed relaxation behaviour will
be dominated by the relaxation of the 'hot' phonons in selectively
heated modes, which may be much slower than the true spin-phonon
relaxation. The mechanisms which limit the phonon lifetime
have been considered both theoretically and experimentally.

Van Vleck (1941a & B) considered the scattering of phonons at

the crystal surface to be the principal cause of bottlenecking,
and that the phonon-phonon interaction, which would distribute
the energy through the phonon modes, and sc remove the heating

of the resonant modes, is insufficient to break the bottleneck.
Faughan and Strandberg (1961) give a theoretical treatment of the
phonon bettleneck, and derive expressions for the conditions
under which a steady state non—equilibrium phonon distribution

will occur., They also consider the limitations on phonon life-
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time due to phoron-phonon collisions, defects in the
crystel, and absorption and scattering of phonons at the crystal
boundaries, concluding that the latter is the principal mech-
anism in shortening the phonon lifetime, depending on the degree
of acoustic mismatch at the junction of the crystal and helium
bath.

Experimentally they attempted to observe the production
of a non-equilibrium distribution of phonons in magnesium
oxide doped with Cr3+ and in ruby, by observation of the diff-
usion of non-equilibrium phonons between two microwave cavitics
in a single sample. They did not see this effect, and estimated
the rise in temperature of the phonons ia contact with a
saturated spin transition to be less than 0.04%K in magnesium
oxide, and less than 0,02°K in ruby, at 4,2°%. Similar results
were obtained when the crystals were polished to incrcase the
reflection of phonons back into the sample, and their final
conclusion was that the most probable reason for not observing
the bottleneck is that the density of phonon states is not a
Debye spectrum, but in fact that there are many more phonons
of microwave frequencies to take part in the direct process
thano would be expected.

Nash (1961) observed relaxzation times in copper Tutton
salts which were dependent on crystal size, and ascribed these

to aphonon bottleneck. Scott and Jeffries (1962) derived the
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spin-pkonon and phonon-bath rate equations for the coupled spin-

phonon-bath system:-

d&n n

. = -.];- 4 - - -]; ---.-:2- 5! - 7
Ic 5 (&an Ano) T35 7T (np np) 2.30
1 1
. ::'(.1-1 + )
-P-d"' g é ( ) -5 @ +DEGE -1 2.31
& = ‘vr | evetmemene (n - ) == e (= n' = n .
t 1ph Ano o) .I.pﬁ n, P P

the notation being as used in section 1.5} Tph is the yph-non-
bath relaxation time, and & is the bottleneck factor, which may
be defined as:-

5

(Es/Tl)/(Ep/Tph) 2.32
vhere Eg is the Zeeman energy of the spin system, and Ep is the
energy of the phonon system, If e & 1, then the phonoris are
strongly coupled to the bath, and the observed relaxation is the
spin~-lattice (spin-phonon) relaxation, but if & > 1, then there
is a strong bottleneck.

The solutions of 2,30 and 2,31 have two time constants,

T, and T}, where T T, + t;» and, assuming 6»1, and

b 1
> F
EYE,
-1 .~ 65pK2TY , =1 & ACRvORS
tl =-"_-T-_3__3 2.33 Tb S — 2.34
T M K 653+ k“TV

h
where 5¥is the linewidth of the resonance (which is approxim
ately equal to the width of the phonon frequency band to which

the spins transmit their energy in the direct process), N is
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the number of spins in crystal volume V. After disturbance
of the spin system to produce a population difference, & n,
the principal change in E; occurs with time constant Tg, which
is much shorter than the time constant T, for fOn, and so
after & n has almost returned to .Ano, the thermal equil-
ibrium value, both spins and phonons have reached a common
temperature above that of the bath, and relax exponentially to
the bath temperature with time constant Tb. In the case of
there being no bLottleneck, Tb = Tl’ and in the case of a severe
bottleneck T, = t,» and in this case a temperature dependence
of Tb “'T-Z for the observed relaxation will be seen.

This was confirmed by Scott and Jeffries, who observed
this dependence for the first time in rare earth ions in lanthanum
magnesium nitrate, the most severe bottleneck occurring with

the Pr3+

ion. They estimated that Tph was of the order t/v
where t is the thickness of a sample and v the velocity of
sound in the sample, and thus ascribed the phonon lifetime to
inelastic scattering of phonons at the crystal surface into
other phonon modes.

Bottlenecking of the Orbach process has very rarely been
observed because the phonons used in this process are of higher
energy than those of the direct process and are better able to

interact with phonons of similar frequencies, due to

anharmenicity of the lattice, and so lose their energy.
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Since the Raman process uses essentially all of the phonon
spectrum, it is hardly to be expected that it could be bottle-
necked in any way.

2.4 Modifications due to lattice defects and strain

Apart from the phonon bottleneck, which is wmore a consider—
ation of the environment and experimental conditions surrounding
a sample, than of the sample itself, all of the foregoing
theories deal with paramagentic ions in what is regarded as a
crystallographically perfect diamagentic lattice. This
assumption of a perfect lattice is unlikely to be true in the
case of a real material however, as the paramagentic ion itself
will not be of the same mass as the ion it replaces in the
lattice, and it will therefore constitute a defect site, causing
distortion of the symmetry of the surrounding ligand ioms,
and also modification of the lattice waves., In addition,
any material prown at high temperature by flame fusion, vapour
phase or Czochralski methods, which includes the artificial
gem~like materials such as rutile, sapphire, spinel, gérnet
and of course ruby, will contain a high number of crystall-
ographic imperfections due to the thermal stresses involved in
the growth method. Imperfections such as dis]gtations, grain
boundaries and misorientations of the crystal axes within a

single sample wiil contribute to microscopic strain in the lattice,
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and this will have the effect of altcring the interionic spacing
between the paramagentic ion and its neighbours, and also of
altering the symmetry of the ion site.

The disturbance of the crystalline field at the paramag-
netic ion due to the alteration of the normal positions of the
ligands will have the cffect of introducing terms proportional
to the lattice strain at the ligand ion into the expressions
given in eq. 2.12 et.seq. In 2.12_51 represents the distance
of a ligand ion from the paramagentic ion, and if the ligand
suffers displacement in the direction of._t.'1 due to a compressgive
or extensive strain € , then 2.12 may be rewritten asj

s _ i < % ; * . !
x], = (2n/M) L. (“'p/vaa(wp +“p)5p.-51(1 * £ )smAp 2.35

b
where the superscript s denmotes the case of a strained lattice.
Hence, 1f the same strain is assumed to act isotropically at

all the ligands,

s _ o faey B — £y =
Ag, = (2w /tv") smap }1'2 ﬁpasﬂalip._r_, (L x8) =4g

and hence in the direct process, the interaction Hamiltonian
for the strained case will be

-)S = ( 8 2 = 4 ,)
Hor= & Ve gl v o) K, re) 2.37
14

The static part of the crystalline potential, Vs which
appears in the spin Hamiltonian,ﬁ*gs, will also be modified by

static strain; V_ can be writter (Hutchings, 1964) as:
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where T;» q, are the distance from the paramagentic ion
nucleus, and the charge, respectively, of the lth ligand in
the unstrained case, r is the distance of the paramagentic el-
ectron from its nucleus, and the Y: are normalised spherical
harmonics of the angular positions (91,¢1) of the ligand ion
with respect to the paramagentic nucleus. If an isotropic
strain & is assumed to act on the ligand ioms, displacing them
along their radius vectors Iys then ﬁé’s can be rewritten
for the strained lattice;
{%; = 6‘,"150 + 2/4.§_._ + 2L.8 + /81,_.1{_ +V ( Zn (lig‘)' (n+1))
2,39

For a 3d ion the only values of n which have to be considered
are n =0, 2, 4, (Bleaney & Stevens, 1953), There will there-
fore be introduced into the eigenstates of %: terms in
(1+ E)-(n+1) , which will appear in the expression for the direct
process transition probability;
“ha ™ 2/ [(aRCE )™y, e | 04

b K(i (+6)~ (041 o >‘/».,(w .y 2.40
where K is a constant atls1ng from the diagonalisation of

;;kff.g, and w.?_lis the tramsition probability for the strained



lattice, whick may be written as a power series in (1 *+£);
W8
ba

where A, B, C are contributions to the strained transition

= a0+ ) eBa s ) v ca )7 2.41

probability from the unstrained expression. It may be seen
that a compressive strain, -£ , gives riSe to an increase in
the transition probability, i.e. to a decrease in the spin
lattice relaxation time, which effect has been observed in the
series of ruby samples studied in this thesis.

An additional effect of lattice defects such as inter—
stitial ions and substitutional ions, which are of different
mass from those that they replace, is modification of the
assumed Debyz spectrum of phonon modes. This involves ‘the
introduction of extra phonon modes, which may either be localised
at the defect site, or propagated through the lattice, and also
scattering of normal phonon modes at the defect site.

Kochelaev (1960) has considered the scattering of phonons at
defect sites as producing much larger relative displacements
between ions than the normal.modes of a perfect lattice, He
considers this as having the greatest effect on the direct .
proceas, and derives an expression for the tramsition prob-
ability which is independant of magnetic field (c.f. eq.2.19),
and inversely proportional to the distance between the para-
magnatic ion and the defect site: comsequently the relaxation

time is dependent on the concentration of the paramagentic



ions and on the density of defact centres in the crystal.

Klemens (1962) and Castle et. al. (1963) have considered
the effects of localised phonon modes created at defect sites.
Montrell and Potts (1955) showed that when a substitutional
impurity is more than 207 lighter than the atom it replaces,

a new high frequency lattice mode arises, localised near the
impurity since its frequency is above the Debye cut off frequency,
which prevents the mode propagating through the latfice.

This localised mode will affect tlie relaxation of a paramag-
netic ion associated with the defect. Since the probability
of excitation of a high frequency mode decreases with the de-
creasing temperature, the principal effect will be at higher
temperatures on the Raman process. This involves interaction
of the localised phonons with the normal modes, and decay of
the local mode into two normal modes after interaction with the
spin. This hasbeen considered by Feldman et. al,(1965) who
find that for temperatures less than e,

TIl D(zui(htui/Mv)s.I/ Sab.exp(-ei/T) 2.42
where ei is the temperature associated with the local mode
frequency, a;i, in the same way as the Debye temperature is with
the Debye cutoff frequency. The exponential temperature dep-

endence predicted in 2.42 was observed by Feldman et. al. in

the light ions H and D in calcium fluoride.
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In the case of low frequency local modes, wherecqi <§0D,
the defect vibration will not be localised to the defect, but
will be able to propagate through the lattice, and also interact
with other defects. The calculation of the lattice strains
produced and the frequencies involved uses the theory of a forced,
damped oscillator, (Castle et. al. 1963) and results in a complex
temperature dependance for Tl:
1t frre) 5,0/ + B(1/8) 0,08/ - (178021, (0, /1)

+ (rtlrefedys (e./m)] 2.43
the first term being the normal Raman process for a non-Kramers
salt, and the additional terms arising from the local modes.

The dependencies of T1 on temperature in the Raman region have
been observed in Cr3+ in magnesium oxide by Castle et. al, (1961)
and in defect centres produced in irradiated quartz by Klemens

et. al, (1963).

2.5 Cross-velewation and co-operstive affeets

None of the foregoing theory considers interactions
between paramagentic ions, which must be taken into account
to discuss the concentration dependent relaxation effects which
occur in all but very magnetically dilute samples. These
processes are dependent on variation of the distance between
paramagnetic ions in the lattice, and under the above heading

there can be considered cross relaxation, exchange interaction



and ion clustering.

Cross relaxation can tzke place between the energy levels
of two different paramagentic species, or between the levels of
a single multilevel spin system. If two spin systems, a and
b, have the same éenerygy splitting between two levels in each
system (but not necessarily the same absolute energy), then,
calling these. levels | 1} and {2% , and 13% and 14) , a spin
in the upper level of a, |2> » can relax to the lower level,

{1} , while simultaneocusly a spin in the lower level of b,

i3) , is excited to the upper level, |4) . The rate equations
for these levels must now include cross-relaxation terms, e,.g.
for level (1) ; (c.f. eq. 1.17a)

(dnlldt)cr = wcr(n2n3 - n1n4) 2,44
which would be an additive term to eq. 1l.17a, LA being the
cross relaxation transition probability. In equilibrium, eq.
2.44 requires that n2/n1 = n4/n3, vhich implies that the two
spin systems have the same spin temperature, since the energy
gap is the same in each. The cross-relaxation transition prob-
ability can be related to a cross-relaxation time, Tab’ which

is approximately T g'llwcr, although the time response of a

ab
system under cross relaxation is not usually a simple exponential.
Cross-relaxation is an energy conserving process which does not

involve the lattice at all, and is therefore essentially temper-
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ature independent, The mechanism for the effcct is a weak
dipolar coupling betwzen the spins, which can absorb or donate
gufficient energy to enable crosﬁ—relaxation to take place betveen
pairs of levels which are not of exacily the same enerpgy splitting.
If one transition in, say system a, is excited by a pulse of
microwave rediation under resonant conditions, then spin-spin
relaxation will bring that transition of system a to internal
equilibrium, as noted in section 1.5, and then the two systems,

a and b, will come to a common spin temperature in the cross-—
relaxation time, Tops and then they will relax to their thermel
equilibrium populations, with their spin-lattice relaxation times,

T and T
la

1b° .

Tab is usually wuch shorter than the spin~latitice relax~
ation time, and *herefors shows itself as a fast initial recovery
after the disturbance of the spin populaticns of a transition.

If one of the species present has a very short T, compared with

1
the other, then this will terid to dominate the observed relaxation
behaviour of the other transition, as cross—relaxation attempt:
to keep both systems at the same spin temperature. Fven if

the fast relaxing species is of very low concentration compared
to the slower relaxing species, spin-spin processes in the
majority ioms, which are generally very fast, will tend to transfer

energy to the fest relaxing centres from more distant neighbours,

and so still shorten the observed relaxation of the majority ions.
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If the energy splittings of the levels of a single multi level
species are equal, or nearly so, then cross relaxation can take
place between the levels of the single species, and also if the
levela are harmonically related in emergy, within the single
spezies, or betwean twn different species, then multiple spin
flips can occur (involving more than two simultaneous spin
transitionsi with energy conservation, as noted in section 1,5,
A further mechanisa which ¢an cause relaxation is phonon
induced modulation of the exchange interaction between two -para~
magnetic ions. The exchange interaction is very etrong, and
extremely sensitive to interionic spacing, but is very short
range, and has most effect between paramapnetic ;ons which are
nearcat neighbours. As discussed by Gill (1962) and
Al'tshuler (1963), modulation of isotropic wesk exchange alone
will not induce relaxation, but small anist:iropics due.to crystal
field, dipolar interactions, or the exchange itself, must be
introduced te allew spin flips to occur., In the case of strong
exchange, when the ions are neighbours, and referred to as an
exchange coupled pair, the pair have their owm spectrum of energy
levels, within which relaxa;ion may occur. It has been sugg-
ested by Van Vleck (1960) that the exchange coupled'pairs may
act as intermediate fast relaxing centres, to which ncrmal un=-

coupled spins mey cross-relax. The complexity of the paix
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spectrum is such that the required cnergy equivalence for cross=—
relaxation to take place from the spectrum of the unpaired ions
can almost always b satisfied, The energy splittings jnvolved
in the exchange spectrunm are of the order of theuse vequired by
the Orbach ptocess, aad this relaxaticn process may therefore

be operative at the exchange coupled pair., This will bring
high energy phonuns into the relaxation, and so provide a poss—
ible bynpass of any phonon bottleneck in the relarzation of the
unpaired ions. This process will be strongly comcentration
dependent, since the nusber of pairs will increase with in-
creasing concentration. However even in nominally dilute
sanples, there may occur clustering of paramagentic ions at defect
sites or grain boundarics, where it is energetically favourable
for substitutional ions to be situvated, and hence localised in-
creases of concentration may occur, quiie independently of the
macroscopic concentration of the sample, and these ‘emohange

pockets' may dominate the relaxation behaviour of the material,
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Chapter 3

THE MEASUREMENT OF RELAXATION TIMES: APPARATUS 1

3.1 INTRODUCTION

The first experimental attempt to measure the variation
of paramagentic susceptibility with the frequency of &n applied
magnetic field was made by Kammerlingh Onnes and Breit at
Leiden in 1924. Their results were inconclusive; and it was
left to Gorter (1936), working at the same University, to
establigh positively the existence of paramagnetic relaxationm,
by measurement of the variation in the power absorbed in a
sample with the frequency of the applied magnetic field.

These experimental results were several orders of magnitude
less than the theoretical predictions of Waller (1932),
although they did establish the exietence of the direct and
Raman processes of relaxation, as predicted by Waller.

With the discovery of paramagnetic resonance by Zavoisky
in 1945, the major field of interest in magnetism became the
study and interpretation of spectra, and the evolution, on
the theoretical side, of the theory of crystalline fields and
their capability to explain the observed resonance spectra.

The study of paramagentic relaxation fell somewhat into abeyance
until the late 1950's, when the advent of the solid-state maser
(Basov & Prokhorov, 1955; Bloembergen, 19563 Scovil et. al.,

1957) and the practical devices stemming from it, made the
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study and explanation of relaxation, which enters critically
into the efficiency of maser devices, a vital field of research
in magnetism, At this time there were developed several
techniques for measuring relaxation times under resonant con-
ditions, which approximate closely to those in an actual maser
cavity. In contrast to the pre-war results of the Dutch
physicists, which yielded an average relaxation time for all
the transitions of an ion, the resonant methods give information
about a single transition only, and are able to give further
information about departures of relaxation behaviour from the
single ion theories described in Section 2.3 et. seq.. A
summary of these techniques follows, succeeded by a descrip-
tion of some of the experimental techniques used in the present
work.

3.2 METHODS OF MEASURING RELAXATION TIMES

The methods of measuring relaxation times fall into four
general categories:

(i) Nom-resonant techniques

(ii) Resonant C,W. techniques

(iii) Resonant pulse techniques

(iv) Ultrasonic techniques

The methods will be described under these sub-headings,

the third category containing those used in this thesis.



56

3.2,1. Non-resonant technigues

The non-resonant method of measuring relaxation times
was invented by Gorter (1936), and was initially used to test
the theoretical predictions of Waller (1932). The method
consists of measuring the frequency dependence of the com=
ponents X' (ar) and X' (W) . of the total susceptibility %(G.)
which are related by,

Ued = W@ - D@D 3.1

R!'@E) determines the magnitude of disperaive effects in
the sample, and A"(.), the absorption of power in the sample.
The thermodynamic theory of relexation given by Casimir and
Du Pre (19338) assumes that the spin system and the lattice
are two separate thermodynamic systems, each in internal equi-
librium; the spin system equilibrium being maintained by
spin=spin relaxation. TFollowing these assumptions, the
theory results in the following expressions for X' and W':

Xed =%t %% T Fn /14 PP 3.2a
«Wed = o -"‘ad)thl +w2 2 3.2b

and the rate of energy absorption per unit volume of the
sample is P = ¥ @D Hi, where (1 is the angular frequency
of the alternating magnetic field, of intensity 1-11, xad and
%, are the adiabatic and static susceptibilities and 7wis the
relaxation time. T is dependent on the 'specific heat' of
the spin system and the constant relating the energy transfer
between spins and lattice to the difference of spin and

lattice temperatures, and is an average relaxation time of
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all the paramagretic transitions in the gample.

The practiczl realisation of the method has many forms,
some given by Gorter (1947), but usually the sample is placed
in a coil which is fed with an alternating current, producing
an alternating magnetic field, which is usually aligned
parallel to a static magnetic field. The frequency of Hi
is varied at frequencies in the vicinity of 1?1, and the
changes in x' and x!' can be detected in a variety of ways.
The original method of Gorter was to detect the absorption
of power due tox!' by a calorimetric method, and to detect
the effects that X' has on the frequency of the sample coil
due to changes of its inductance. Alternatively, bridge
methods of determining the changes of coil resigtance and
inductance, and phase sensitive detection of the effects of
the components x! and X', which are in phase quadrature,
have been used.

Hone of these methods are as sensitive as modern reson-
ance techniques, the limit of detection for useful results
being of the order of 1017 spins at liquid helium tempera-
ture, compared with 1010 - 1012 spins for the best modern
resonance 8spectrometers. GConsequently, the method has found
application principally to magnetically concentrated mater=-
ials, within its principal limitation of only measuring a
relaxation time averaged over all the spin transitions of the

material.
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3.2.2 Resonaat C.¥W. tzchniques
3.2.2.a C.¥. Saturation
This method of determining paramagnetic relaxation
times is due to Eschenfelder and Weidner (1953), and is an
adaption of a method used for measuring nuclear magnetic
relaxation times. {(Bloembergen et.al. 1948). The method
Aepends upon the solution of the Bloch equations, and writing
the imaginary part of the susceptibility as:
~x!' = inxbvog(y))sij 3.3
vhere sij is the saturation factor for the transition from
level i to level j, and only these two levels are considered
to take part in the relaxation process. A is the resonant
frequency, and g(») is the normalised lineshape function,
vhence, from equation 1.6, the power absorbed in a sample may
be written as:
2 2 .
Fa = 'iﬂzxof“‘o"’on 1 8V, 3.4
If the lineshape of the resonance ig Lorentzian, g(»)
may be written
g = 21,/(1 + 4P (y W1 D) 3.5
T, being the spin-spin relaxation time, which experimentally
is related to the half-power linewidth,éti, by T, = llﬂAv&.
The saturation factor, sij’ can be equated to the stimulated
emission probability Wij ard the spin-lattice relaxation time

m
HEH

1

= v, T 3 .
sii 1/(1 + Zgij_l; 3.6

v, s - - LIS
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Wij may be calculated from knowledge of the r.f. magnetic
field at the sample (eq. 1.7)

Thus, in theory, the spin-lattice relaxation time may
be calculated from knowledge of the saturation factor, which
in turn may be deducted by measuring the power absorbed in
the sample as a function of the r.f. field preseunt at the
sample (eq. 3.4). The r.f. field is a function of the power
incident upon the cavity, and the power absorbed is a function
of the power reflected from the cavity. In practice, the
magnetic ) of the cavity with the sample on resonance, Qm'
and the off-regonance loaded N, QL.must be calculated from
measurements of the incident powar, P, and the reflection
coefficient, R, of the cavity. The measurement of P is an
absolute measurement, and is difficult to do: methods which
have been used usually involve a directive feed to a barreter
or bolometer, or to a calibrated thermistor bridge. The data
was evaluated by Eschenfelder and Weidner by plotting Qm/QL
againgt P(I-R)z, the gradient of which is proportional to T,.
The actual values of Hl at the sample may be calibrated by
placing a standard sample, such as DPPH, in the cavity at the
sample position, and evaluating H; from the known relaxation
times of the standard sample.

A major difficulty in the use of this method is the
determination of the lincshape factor, which may not be Loren-

tzian, and will be an intermediat: between this and Gaussian
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if the line is inhomogeneously broadened. In this case

the theory only applies to a component spin packet of the
overall linewidth (a homogeneously broadened comporent line
of the overall lineshape envelope). In addition, not all
systems obey the Bloch equations, and saturation of the

" abgorptive and dispersive components of the susceptibility
may occur at widely varying power levels, as shown by Portis-
(1953) . The method also requires the use of small samples,
otherwise the value of Hl will vary over the volume of the
sample, and a consequence of this is a reduction in the signal
strength (Qm/QL). At low temperatures the amount of power
vwhich may have to be dissipated in the cavity and sample to
ensure saturation may lead to uncertainty over the tempera-
ture of the sample. Lloyd and Pake (1954) have given a
detailed theory of this method, taking account of the parti-

cipation of all the energy levels in the relaxation process.

3.2,2.b C.W. saturation with A.C. modulation

This method is a modifcation of the C.W, saturation
technique which bears a superficial resemblance to the non-
resonant method. A 100% amplitude modulated microwave signal
is used to saturate the tranmsition being studied, and this
induces magnetisation of the sample, which, wvhen the modula-
ting frequency is less than 1/T1, produces an alternating
component of magnetigation in the same direction as the

applied static field. This component is detected by a small
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coil apprcpriately orientated immeditely adjacent to the
sample. As the modulating frequency approaches 1/T1, insuf-
ficient spins are able to relax between cycles of the micro~
wave field to enable the magnetisation to follow the power
variation in the cavity, and consequently the amplitude of
the signal from the detector coil decreases. At sufficiently
high frequencies the spins do not follow the power modulation
at all, but experience only an average applied magnetic field,
and the time varying magnetisation of the sample reduces to
zero, as does the coil signal., The method wag invented by
Herve and Pegcia (1%60), and has been used at modulating
frequencies up to 30 MHz. by Herve (1963),

3.2.2.¢c. Static susceptibility under resonant conditions

Candela and Mundy (1965) describe a method of measuring
the variation of static d.c. susceptibility as a function of
the microwave power absorbed by a sample at resonance,

They give an expression for the spin-lattice relaxation time:

1

where Mis the mass of the sampl:, ﬁo is the static magnetic

e 2 _ ,
T, = MH 0((X° -75)/?&1\) 3,7

fi.eld,'K_O and)% era the susceptibilities of the sample at
zero microwave power and when it is asbsorbing power Pa' 4
is a constant depending oan the units used for the other para=~
meters.,
The susceptibility is measured by an clectromagnetically

controlled beam balance which determines the force acting on
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the sample ia the static field Ho’ and power abhsgorption in
the sample is calculated from measuremente of the power inci-
dent on and reflected from the cavity, using calibrated ther-
mistor bridges in directional couplers.

3.2.3 Resonant pulse techniques

Like the resonant C.W. techniques, the resorant pulse
techniques enable the relaxation of a single tranmsition to
be measured. However, the great advantage of the pulse tech-
niques is that they enable the time varying population diff-
erence of a pair of levels to be ohserved directlv, instead
of yielding a relaxation time averaged over all the relaxation
processes taking place between. they two levels, as do the C.W.
techniques. The pulse methods do not depend on the assump-
tions of a physical model such as the Bloch equations, upon
which the C,W. methods depend. The majority of modern relaxa-
tion measurements are now made using pulse techniques, as they
enable deviations of the relaxation process from the single
ion theories to be observad in far greater detail than the
other methods, and can therefore give a truer picture of the
actual form of the relaxation process.

3.2.3.a D.C. Magnetisation technique

This was the earliest pnlse techunique used, and was-
developed by Damon (1953) and Bloembergen and Wang {1954).
The technique uses a detector coil, adjacent to the sample

in the cavity, which detects the component of d.c. magnetisation
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of the szmple parallel to the applied magnetic field, in
much the same way as the method of Herve and Pescia (Sec.
3.2.2.b). The saturating microwave vadiation is applied as

a high power pulse, which causes the magnetisation of the
sample, At the end of the pulsez the spins begin to relax,
and so the magnetisation decays cxponentially, being propor—
tional to the populatioan difference of the two levels being
observed. The e.m.f. induced in the detector coil is propor—
tional to the time derivative of the magnetisation, and so,
when the e.m.f. is passed through an integrating amplifier,
the result is a measure of the time dependent relaxation of
the gpin system, The main difficulty of the method is the
processing of the signals from the detector coil, which are
very small, but the microwave system is very simple; a high
power magnetron feeds a simple bridge spectrometer which
enables the resonance condition to be established, the whole
detection system being external tc the microwave circuit.
Feng and Bloembergen (1963), using this method at 9 and 24GHz.,
observed cross relaxation effects in ruby.

3.2.3.b. The pulse saturation technique

This is one of the most widely used methods for measuring
relaxation times, and has found application to many materials,
having relaxation times ranging from microseconds to seconds.,
The method was first described by Davis, Strandberg and Kyhl

(1958), but many variations of the apparatus, using the same
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basic technique, have gubsequently been described. The
essence of the method is to apply a high power pulse of
resonant microwave radiation to the sample, which satur-
ates, or partially saturates, the transition being cbserved.
The behaviour of the spin system after the saturating pulse
is mounitored by a low=level resonant microwave sigﬁal from
a reflex klystron, which causes negligible disturbance of
the populations of the levele, If the pulse produces
complete saturation, equalising the populatious of the two
levels, then no power is absorbed from the monitor klystron
at the end of the saturating pulse, or, if only partial
saturation is produced, the monitor absorption signal is
reduced. As the spins relax after the pulse, and the popu-
lation difference i3 restored towards thermal equilibrium,
as described by eq. 1.290, so the power absorbed frcm the
monitor increases, being proportional to the population
diffsrence, and this may be described by a time dependent
susceptibility component x!'(t), which obeys the equation

~«'(t) =1 + (x'(0) - l)exp(-t/Tl) 3.8
where X{'(0) is the vaiue of W'(t) at the end of the pulse.
The monitor signal output from the spectrometer is propor-
tional to ™'(t), and when displayed on an oscilloscope gives
an exponential trace (provided simple spin-lattice relaxa-~

tion is occurring). If™W'@d is the unsaturated value of
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X'(t) (i.e. the monitor signal level when the spin system
has fully returned to thermal equilibrium), then the grad-
ient of the plot of loge(l -%'(t) /X'()) against time,
derived from the oscillograph of the recovery, is the spin-
lattice relaxation time. Any deviation of the above graph
from a straight line is an indication of departure from
simple spin-lattice relaxation, but in general faster proc-
esses, such as cross relaxation, will have died away shortly
after the end of the pulse, and 8o the single exponential
resulting in the tail of the recovery oscillograph will
give a measure of the slowest process present which is
usually the spin-lattice relaxation time.

The experimental apparatus used for thias technique
has had many forms, of varying complexity, involving one,
two or three valves, The basic apparatus is a convential
bridge spectrometer, employing either a hybrid tee or a
circulator, with the addition of a high power pulsing
facility at the same frequency as the signal klystron.

The pulse source may be either a klystron or magnetron, as
used by Davis et. al., or a microvave amplifying valve may
be used to produce pulses from the signal klystron, as in
the X-band spectrometer described in Section 3.3. Alterna—
tively, as described by Ruby, Benoit and Jeffries (1962),
a diode switch across the wave guide may be used to alter

the power level of the signal klystron, providing a high
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power saturating pulse when switched on, and a highly attenuated
low power monitor signal when switched off,due to leakage. The
use of a waveguide switcﬁ eliminates the necessity to stabilise
a high power valve, and lock its frequency to that of the mon-
itor klystron. If a very high power pulse source is used, some
protection, such ag a T.R. cell, must beprovided before the
receiver to protect the diodes, but often powers of less than a
watt provide sufficient saturation of the sampl:, and this pre=-
caution is umnecessary. The use of a single klystron super-
heterodyne receiver, such as described by Brown, Magon and Thorp
(1965) eliminates the necessity for a local oscillator klystron
and its attendant frequency control. If a single klystron
spectrometer is operated with a diode switch to produce the
saturating pulses, this results in the greatest simplicity of
operation, as no frequency stabilisation between valves is
needed. Such a single klystron superhet. spectrometer for
measuring relaxation times is described by Llewellyn,
Whittlestone and Williams (1962), and a single klystron spec-
trometer for pulse saturation measurements using a crystal
video receiver is described in Chapter 4,

A very similar technique to pulse saturation, using
the same basic principle, is described by Giordmaine, Alsop,

Nash and Townes (1958). Two kylstrons are frequency swept
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across the resonance, the first giving a high rower saturating
signal (not a square Pulse) to the sample as it passes the
resonant frequency, and the second, which reaches the resonant
frequency a variable time afger the first valve s%ﬂ%&ides a
low power monitor signal, gives the instantaneous population
difference between the two levels, as it pasges resonance.

As the time interval between the two valve%(?gaching resonance
is varied, so a point by point picture of the relaxation re-
covery is built up. Bowers and Mims (1959) describe a method
of saturating a transition at one frequency, and obeerving

the relaxation recovery at 2 different frequency.

3.2.3.c.Inversion recovery

This method is due to Castle, Chester and Wagner (19¢0),
and uses the technique of adiabatic rapid passage. The sample,
in a cavity, is placed ir a magnetic field which is below the
resonant value corresponding to the frequency of a low power
monitor klystron. An auxiliary sweep coil, fed with an alter—
nating current, repeatedly sweaps the magnetic field rapidly
through resonance, and a high power klystron provides a pulse
at the same frequency as the monitor, which is synchronised
to arrive as the sample is brought to resomnance. This pulse
inverts the populatiofis of the levels being observed, and

initially maser action cccurg, the monitor signal being -
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amplified each time the magnetic field passes through resonance,
As the spins relax the monitor signal passes through zero, at
which point the levels are saturated (their populations are
equal), and returns to the normal thermal equilibrium sbsorp-
tion value. The iocus of the points of the wonitor signal
peaks after saturation is an exporential, as is the contin-

uous trace of the pulse saturation experiwent, the locus

giving the relaxation tine in the same way. This method was
extended from the original 9 CGHz. of Castle et. al. to 34GHz,
by Thorp, Pace and Sampson (1951).

3.2.3.d. Pulse Response

This method was developed by Brown and Thorp (1967) to
enable measurements of relaxation times to be made at very
low power levels, obviating the requirement of a high power
nicrowave source, which is a major difficulty at very high
frequencies. The original equipment is described in Section
3., but the underlying theory is a simple derivation from the
rate equations for a two level systen. Rate equations can
be written to include both relaxation and stimulated trans-
ition probabilities; using the notation of Sec. 1l.5:
' dn,/dt = ~w ,n, "+ W, 0, =W +W,.n 3.9a

1 121 T Y1y

dnzldt e w c+ W..n, - W..n

= V1M 1271 T "21%2 3.9

12™1

These can be combined into a single rate equation, using
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equation 1,21, and the fact that tha stimulated transition
probabilities are equal for upward and downward transitions,
yielding
dAn/dt = ( - (On - Ano)/'l'l) - 2W12ﬂn 3.10
This equation can be rearranged to gzive
dan/dt = =(Dn = (1 + W, 1) An ) /(L/Ty + 2,07 3.11
which has a solution of exponential form, with a time constant,
T, which is T = (1/T1 + 2W12)-1. Since Wy, ie propor-
tional to the microwave power incident on the sample (eq.l.7),
T will become dependent on the incident power when
leﬂh.llTl, but if the observation is made at such a low power
that le is negligible compared with 1/T , but sufficient
for useful absorption signals to be obtained, then 17=T1.
An exact measurement would measure 7 as a function of power,
followed by extrapolation to zero power. Egquation 3,11
describes the response of a spin system to a low level pulse
of microwave power. Initially the system is in themnmal equil-
ibrium, and the power absorption at the bepinning of the pulse
is very strong, being proportional to the nopulation diff-
erence, which is a maximum. A8 the sauple absorbs power, and
spins are excited into the uprer level, so decreasing the pop—

ulation difference, the abeorption decreases exponentially to

its steady state value, and analysis of the exponential appearing



on the top of the oscillograph trace of the reflectes signal
from the sanple, in the same way as a pulse saturation trace,
gives the relaxation time.

3.2.4, Ultrasonic techniques.

In 1963 Dobrov and Browne reported measurements of acoustic
absorption in ruby at microwave frequencies up to 10 Gz,

They used quartz, and at lower frequencies barium titanate,
transducers bonded to the ruby crystals to generate monochrom—
stic coherent phonons and measured the absorption of these

by the crystal, by reflection and transmission methods, as a
function of magnetic field. When the resonance condition is
fulfilled, the spins will absorb quantz of acoustic emergy from
the phonon field in the same way 25 an electromagentic field
will simulate transitions.

Fron these abosrption coefficients and measurad spin—
phonon lineshapes they derived the magnetoelastic temsor, and
hence the spin-lattice relaxation time. Their results were in
general longer than relaxation times meagured by other tech-
niques, but could be reconciled with theory, and the effect of
exchange coupled pairs.

3.3 Apparatus and experimental techniques = Introduction

The remainder of this Chapter describes the three spec-
troneters which already existed in this Nepartment, which were

used to measure relaxation times in a range of ruby specimens,



7

All the measurerents were made at liquid helium temperature

in order to observe the direct relaxation process. The X-band
(9.3 GHz.) ané "=band (35.5 GHz.) spectrometers were conven—
tional superheterodyne spectromoters, adapted to the pulse
saturation method of measuring T,. The O-band (70 GHz.) spec-
trometer used the pulse response method, and crystal video
detection. Chapter 4 describes the design, cornstruction and
operation of two spectrometers, operating in J=band (16G:iz.)
and K-band (22 GHz.), puspose built to make relaxation measure-
ments as simply as possible.

3.4, The X-band Spectrometer

The spectrometer used for relaxation studies at 9.3 GHz,
was a conventional two klystron superheterodyne spectrometer,
modified to make relaxation measurements using the pulse sat-
uration technique by the additiop of a travellingz wave tube
amplifier, operating in a pulse mode, to providz the saturating
pulses.

3.4.1. The superheterodyne spectrometer

A diagram of the spectrometer circuit is given in Fig.
3.1. The spectrometer uses a rectangular reflection cavity
operatinf in the TE012 mode, with a { of approximately 100C.,
The cavity is split laterally 'hp/4 below the coupling iris,

at 2 position where wall currents are a minimum, to enable

samples to be introduced. Samplaes ware placed on the narrow
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face of the cavity, just below the split, at a position where
they intercepted the maximum vertical component of the micro-
wave magentic field., The samples were attached by a smear
of Apiezon vacuum grease, which has a sufficiently high vis-
cosity to hold the sample in place at room temperature, and
which freezes solid at liquid nitrogen or helium temperatures
The coupling mechanism consists of a circular coupling hole,
centrally positioned in the waveguide, in a 0.010" brass iris,
with a single 8 BA tuning screw mounted in the centre of the
broad face of the waveguide, immediately above the iris. The
coupling to the cavity was set by sweeping the signal klystron
reflector voltage at 50Hz. so as to display the klystron mode
as reflected from the cavity to diode D3 (Fig. 3.1.) on an
oscilloscope. The klystron was then mechanically tuned to
centre the cavity abosrption dip on the mode display, and the
tuning screw adjusted to bring the tip of the absorption dip
to the baseline of the display. This indicated that all
power incident on the cavity at its centre frequency was being
absorbed in the cavity - i.e. the coupling was 100Z, and the
cavity presented a matched termination to the waveguide.
Microwave power from the signal klystron, a KS9/20-A
giving an output of 20m{, enters arm 1 if the bridge hybrid tee,
and is equally divided between arms 2 and 3. Amm 3 is re-

ferred to as the balance arm, and by adjustment of the phase
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shifter and attenuator the power reflected from arm 3 into arm
4, the receiver arm, can be arranged to be of equal amplitude
and opposite phase to any power reflected from the cavity, on
arm 2, into arm 4, An y power reflected back into arm 1 is
absorbed in the isolator., In this condition no power reaches
the detector diodes of the balanced mixer, and the bridge tee
is said to be balanced. When the magnetic field is brought
to resonance the sample abgorbs power and alters the reflec—
tion éoefficient of the cavity, and upsets the balance of the
bridge, causing an amount of power proportional to the absorp-
tion in the sample to reach the detector diodes., When the
proportion of power dissipated in the sample is small compared
to that dissipated in the cavity as a whole, then the signal
at the detector is proportional to X!, a-d hence to the pop-
ulation difference of the levels being observed.

The hybrid tee is semsitive to inbalance in both phase
and amplitude, and both of these are present im the reflected
gsignal from the cavity near resonance, the phase shifting
arising from the dispersive component of the susceptibility.
In order to cbserve only the absorptive compunsnt of the res=
onance, the bridge tee ie unbalanced slightly in amplitude
only. At the detector diodes of the balanced mixer, which are

a pair of opposite polarity, £V 2154 and CV 2155, the abesorp-



7
ption signal is mixed with radiztion from the local oscillator
klystron, operating at a frequency difference of 30MHz. from
the signal., This provides a 30MHz. intermediate frequency
signal input to the I.F, strip, where it is amplified and
rectified, the final signal being displayed on an oscilloscope.
Both the I.F. amplifier and the klystron power packs are parts
of an ex.U.S.A.F, airborne radar set, AN/APG-30.

When operating as a normal spectrometer, the frequency
of the signal klystron is locked to that of the experimental
cavity by a phase locking sustem. A 500 KHz, low amplitude
modulating voltage is applied to the signal klystron reflector,
electronically sweeping the klystron frequency slightly either
gide of its centre frequency, When this frequency modulation,
which is much less than the cavity bandwidth, is reflected from
the cavity, it is converted into a 500 KHz. amplitude modul-
ation on the signal. As the klystron centre frequency trav—
erses the cavuty absorption curve, this a.m. changes its phase
by 180° from the low frequency to the high frequency 3dB point,
and has minimum amplitude at the cavity centre frequency. The
500 KHz. signal is fed back from the U.¥. amplifier and further
amplified by a tuned amplifier, and pasced into a phase sensit-
ive detector with a reference signal from the modulating
oscillator, The outpur of the p.s.d. is a d.c. voltage which

is proportional to the centre frequency deviation between the
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klystron and the cavity, and of opposite polarity when the
klystron frequency is on either side of the cavity centre
ffequency. By adjusting the phase of the reference signal,
the polarity of the p.s.d. output may be corrected, allowing
it to be applied directly to the klystron reflector as a corr—
ection signal.

Operation of the spectrometer in the pulse mode for
relaxation studies requires frequency stabilisation external
to the experimental cavity, since the signal level varies too
much to allow the internal locking system to be used, A
Pound a.f.c. system (Pound, 1946) ia used, power being extracted
from the main microwave circuit by a 3dB directive feed, and
pagssed by an isolator to a hybrid tee. Arm 3 contains a
diode, D1, which is fed with the same 500 Kiz. modulating
voltage as was applied to the klystron reflector, as described
above. This frequency modulates the radiation reflected from
this arm into arm 2, which contains an abserption wavemeter.
The signal reflected from the wavemeter into arm 1 is amplitude
modulated in the same way as that reflected from the exper-
imental cavity in the internal locking system, and in amm 1
the amplitude modulated sidebands 500 KHz. above and below the
klystron frequency mix with radiation at the klystron frequency,

to produce a 500 KHz. signal at diode D2. This is amplified



and passed to the phase sengitive detector to produce the
correction voltage as above.

The mag®@t system used on this spectrometer was a Newport
Instruments 4 inch type A electromagwet, mounted on a low
loading trolley providing 360 degrees rotation about a vertical
axis through the centre of the pole gap. This, with its
associated power supply provided fields of up to 5 kilogauss
with a stability of 1 part in 10°.

3.4.2. The Pulsing Equipment

The saturating pulses were produced by a travelling wave
amplifier, M-0 Valve Co. type TWX-8, which took its microwave
input from the signal klystron, thus emsuring that the sat-
urating pulses were of the same frequency as the monitor, with
no additional a.f.c. equipment. The monitor signal by passed
the T.W.T. via the 10 and 20 dB ccuplers, which reduced its
power to a few tens of microwatts. A high voltage pulse gen-
erator delivered 750 volt pulses to the grid of the T,W.T.,
producing output microwave pulses of maximum power approximately
1 watt, with a rise and fall time of 1 psec and a length
variable un to 100 msec,

In order to pravide protection for the superhet. receiver
during the power pulse, an arrangement of multivibrator and

monostable circuits delivered a blanking off pulse to the I.F.
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amplificr, overlapping the powsx pulse by a faw microesconds

at either end. Thigs resulted in a dead time of a fewrseconds
at the end of the power pulse when the initial relaxation re-
covery could not be seen, but as the relaxation times being
studied were of the order of the tems of milliseconds, this did
not affect these measurements. The power pulse was insuff-
icient to cause any dangexr of burn-out of the detector diodes
in the balanced mixer, and so no form of waveguide T.R. prot-
ection wag required.

3.4,3. Cryogenic facilities

In order to make measurements at tﬁe tenperature of liquid
helium, 4.2°K, a glass double tail dewar system contained the
cavity and its 0.010" wall German silver waveguide feed. The
outer dewar was filled with liquid nitrogen, and allowed to
pre~cool the inner dewar, which had a pumpable interspace,
before transfer of liquid helium, The inner dewar was sealed
to the cryostat head, and comnected to a helium gas recovery
system to allow the boil off from the dewar to be returned for
re-liquification.

A commor source of low frequency noise in spectrometers
is boiling cryogenic fluid which finde ite way into the cavity
and waveguide, the bubbles of gas causing random changes in
the dielectric comstant of Ehé filling of the cavity, and hence

of its reflection coefficient. To prevent this the cavity
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wes eurrounded by & hrasa can, fitted tc a acrewed wing above
the coupling iris. The threads were well covered in Apiezon
grease which froze solid during the pre-cooling with liquid
nitrogen, preventing the entry of liquid helium when it was
transferred to the inmer dewar.

There was no provision for remote control of the cavity
coupling or cavity frequency from the cryostat head when the
cavity was cooled down., The frequency change due to contrac—
tion of the cavity was compensated for by alteration of the
klystron frequency. The degree of coupling also altered on
cooling down, and this was allowed for by setting off the
coupling at room temperature to about 75Z; on cooling the cavity
to 4.2°K the coupling became very close to 100%Z.

The level of liquid helium in the inner dewar was mon=-
itored with a superconducting depth gauge. The gauge element
was made by tiecning 40 swg constantan wire with lead/tin solder,
using Tricene flux, The enamelling was first removed from the
wire; the most efficient solvent for this purpose was found to
be Stripalene 713. At the temperature of liquid helium the
lead/tin sheath of this wire, which has a critical temperature
of about 7°K, becomes superconducting, but the passage of a
small current (about 100mA) is sufficient to prevent any wire
above the level of the liquid helium attaining the critical

temperature. Thus, when the element is mounted perpendicular
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te the suvrface of iz liquid helisss, that pavi vhich is above
the surface retains the resistance of the coastantan core,
while that part below has zero resigtance. A 100 mA trans—~
istorised constant current power supply was built to feed the
element, the voltage developed by this curremt flowing through
the sensor being proportional to the length immersed in liquid
helium. Several zlement configurations were tried, involving
both free mounted and enclosed wires, in single and multiple
loops. The final design adopted was a strip of 1/16" paxolinm,
14" long and 0,2" wide, with a .020" x .020" groove cut in
either side, at a slight angle to each otﬁer, containing a
single iéop of lead/tin/constantan wire which passed through a
small hole linking the two grooves at the bottom of the strip,
and was soldered to small tags at the top of each groove, The
whole was then coated with G.E. low temperature varmish (Oxford
Cryogenics Ltd.) to prevent any accidental short circuit even
though the wire was recessed in the paxolin. This element
was small enough to fit the tail of the dewar, which a free
standing element would not do with the cavity sealing can
fitted, and has proved robust enough to withstand many cycles
from room to liquid helium temperature without failure,

3.4.4, Operation and recording of data.

The samples were mounted in the cavity with the crystall-

ine c~axis in the horizontal plane, which enabled the magnetic
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field to be rotated with respect to the c~axis, allowing any
polar angle to be selected easily. After cooling down to liquid
helium temperéture, the transition to be measured was found by
modulating the magentic field at 50Hz, via auxiliary sweep coils
on the ﬁagent poles, and slowly sweeping the magentic field to
the resonant value to obtain a resonance display at 100 Hz. on
the Tektronix 531A oscilloscope used. The particular transition
was identified by reference to the graphe of resonance speétra,
for ruby plotted as resonant magentic field versus polar angle
for various frequencies, published by Schulz-du-Bois (1959).

The bridge was balanced, as described in Section 3.4.1,,
to remove any dispersive component, leaving only the absorption
display. The 50 Hz modulation was removed, and the oscill=-
oscope triggered from the front edge of the saturating pulse,
vhich was usually 5 msec long. This resulted in an exponen—
tial trace when the static magentic field was precisely at the
centre of the resonance line. The Y<amplification and the
time base speed (operating on the calibrated ranges only) were
adjusted to give a display of measurable height and which had
decayed to a level baseline whilat still on the oscilloscope
screen; the base line gives a measure of ““(oo) (Sec.3.2.3.b.).
This oscillograph was then photographed with a Polaroid camera;
a typical exponential relaxation recovery oscillograph is

shown in Fig. 3.2, with the associated semilogorathmic plot
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of abeorpiion against time. The gradient of this line gives
the value of the relaxation time and, as the figure which is

a single straight line, shows. this is a single exponential,

Any deviation from a single straight line, either as a curve or
multiple straight lines, would be an indication of the presence
of other relaxation processes than the direct process. This
was very infrequently observed in the present work, and when it
did occur, the gradient corresponding to the tail of the expon-
ential was used to give the value of the spin—lattice relaxation
time, as mentioned in Section 3.2.3.b.

It is important that the monitor power should not cause
any saturation of the resonmance line being obgerved, and, to
check this, the monitor power was increased by means of the
attenuator in the by-pass arm, but this was not found to affect
12 relaxation times measured in the ruby gamples used, A
pulse repetition frequency (prf.) of 10 Hz wag used for setting
up the spectrometer, but actual measurements were made by
single shot operation, to ensure complete recovery to thermal
equilibrium of the spin system between saturating pulses.

This also facilitated photography of a single relaxation recovery
trace.

3.5. The Q=band spectrometer

This was a single klystron superheterodyne bridge spec=-

trometer, operating at frequencies close to 35 GHz, adapted
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fcr pulen saturation relaxation measurements by the addition

57 a seccnd high power klystron. The basic spectrometer has
bean described by Brown et. al. (1965), although modified since,
and in the form used for this work is shown Aiagramatically in
Figure 3.3,

A conventional superhet receiver, as described in Section
3.4.1. employs a separate klystron as a local oscillator, the
frequency difference between this apd the gignal kiystron nec-
essarily falling within the passband of the I.F. amplifier.
The noise due to a point contact diode used ag a mixer is in=
versely proportional to the I.F. frequency, whereas the noise
introduced by an amplifier using a specific type of valve is
approximately proportional to the frequency of operation. As
discussed by Strum (1953), this results in a broad frequency
wwid from 30 to 60 MHz where, from the point of view of noise,
it is most advantageous to place the intermediate frequency,
the exact optimrum frequency depending on the characteristics
of the microwave diodes and the amplifier design.

At X-band frequencies stabilisation circuits are well
able to maintain a frequency difference of this magnitude
between two klystrons, but at OQ-band this becomes very diff-
icult, and so the single klystron superhet, which was first

described by Misra (1958) operating at X=band, has evolved.



FIGURE 33 THE Q-RAMD SPECTROMETER

(for key see figure 3.0 supp.)
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3.5.1. The Single klystron superheterodyne spectrometer.

The spectrometer uses a hybrid tee bridge, as described
in Section 3.4.1, but the balance arm containg an & - E tuner
instead of an attenuator and phase ghifter. This matching
element consists of an unmatched hybrid tee, wit!: moveable non-
contacting short circuiting piungers in the E and H arms, and
has the property of being adjustable to present an impzdance
of any magnitude, and therefore to match any given mis-match,
and as such is ideally suited to balancing a microwave bridge.
Both the local oscillator and signal power zre dervied from one
E.M,I, R5145 reflex klystron, which gives 20 mW output between
34 and 35.5 GHz., In the original version of the spectrometer
described by Brown et, al. the l.,0. power is contained in the
sidebands at &o t 45)MHz (where fo is the klystron frequency),
introduced by a transmission modulation diode driven at 45 MHz,
This modulation diode was a standard Q-band detector/mixer car-
tridge diode, VX3136, G.E.C. Ltd., placed in a transmission
waveguide mount (Hilger and Watts W 865), which, when driven
by a 1 volt r.m.s. 45 MHz signal (the maximum available from
the r.f. generator), produced some 1% modulation of the monitor
power. A 3dB directive feed then split the power, half pro-
viding the monitor signal, and the sidebands in the other half
providing the local oscillator ioput to the balanced mixer,

which contained a pair of diodes of opposite polarity, GEM 8
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and GEM 9 (Mullard). This arrangewent had some disadvantages,
notably the presence of the gideband frequencies in the monitor
signal et the sample, which could have caused some modulation
broadening of the resonance lineg, although this was not ob-
served in ruby. The advantage of the local oscillator frequency
being self-tracking, and the simplicity of operation which this
effected was, however, a very great advantage. The design
was criticised by Buckmaster and Dering (1966) on the grounds
of degradation of sensitivity due to the sidebands on the mon-
itor signal, and the spectrometer was subsequently modified
to remove this objection, this being the versior in Fig. 3.3.
The modulation to produce l.o0. sidebands was removed from
the main mécrowave circuit to the sidearm, and took the form
of a balanced modulator: effectively this was a balanced mixer
assembly, containing a reverse polarity pair of diodes, VX3136
and VX3171, which were fed in parallel with the 45 MHz modul~-
ation signal, Microwave radiation entering the tee in the H
arm divides equally into the two side arms, and is reflected
from these, modulated at 45MHz by the diodes, back to the junc-
tion. There the sideband components, which are in antiphase,
as the modulating diodes are of opposite polarity, add and pass
out of the E-arm into the balanced mixer, while the fundamental
frequency components, being still in phage, are passed back

out of the H-arm to be absorbed in the isolator. The
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supression of the fundamental in ti.c local oscillator signal

is around 40 dB, and this removes any standing bias at the mixer
diodes due to the fundamental, causing them to act in the low—
level, square law, conversion region, which results in the super=-
het output being propartional to the signal power from the spec-
trometer bridge.

The I.F. amplifier was an 11 stage stagger tuned ampli-
fier originally designed for a two klystron suparhet. receiver,
and congscquently having a bandwidth of 10 MHz. This was re-
duced to 3 Miz with a corresponding increzase in gain and gignal
to noise ratio., After final stage detection the signal was
displayad on an oscilloscope.

This spectrometer did not use a conventional cavity, but
instead the sampl: was placed at tha bottom of a short circuitad
length of .010" wall stainless steel waveguide which went to
the bottom of the tail dewar system used. This d2sign was
dictated by the lack of space for a cavity in the original
double glass dewars uszd for liquid helium temperature measura=-
ments in the small polz: gap required of the electromagent in
order to obtain the rasonant fizlds (15 kG) required at Q-band
frequencies. As fairly largze samplee were used, typically
internal waveguide dimensions (.280" x .140") by 0.4" long, the

improved sensitivity of a cavity was not aessential, the r.f.
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field strength in the ordinary waveziide being sufficient for
good absorption signals to be sesen. This eliminated the require-
rent of ny a.f.c. system for the kiystron, which was placed in
an oil bath to reduce long term thermal drift, and the heaters
were powered by a battery to mininmise any 50 Hz modulation of
the microwave power from a.c. heaters.

The magnet system used with this spectrometer was a Newport
Instruments 8 inch type D water cool=d zlectromagnet, with a
C225 9 KW stabilised powar control unit and d.c. generator.

This produced a maxinum ficld of 16 kilogauss in a 4.5.cm gap,
and a homogenaity of the order of 1 part in 105 over a volume

of a few ccs at the centre of tha gap. Field homogeneity of
this order is raquired to pravent avoidable inhomogeneous broad—
ening of the resonance lines.

3.5.2. The pulsing system.

Saturating pulsas of microwave power were supplied by a
water cooled Flliott 8TFK2 drift tube klystron, providing up to
20 watts output power at frequencies near 35 GHz. This valve
was powerzd by an Elliott PKU=1 klystron power supply, with a
668 Modulator uanit to give modulation of the klystron cathode
voltage. The pulse width was variable from 30 18 to 600 ms,
with a p.r.f. betwzen 0,15 Hz and 1 KHz, the fall time of the

microwava pulse being about 3 P8 The frequency of the power



klystion was made coincident with that of tha monitor klystron
using & transmisgion absorption wavemeter, Midcentury Microwave
type MCA2/2A. The wave meter was first tunad to the monitor
frequency using a microammeter connected tc a diode on the ab-
sorption arm. The powar klystron fraquency was tuned until
pulses were seen coming from the transmission arm, via the wave-
metar cavity, these baing displayed on an oscilloscope. The
pulse height was carzfully maximised, by tuning the klystron,
indicating that the power klystron frequency was aexactly in the
centre of the wavemetar O=-curve. When the relaxation recovery
was observed on one beam of the doubls beam oscilloscope, and
the wavemeter transmitted pulse on the other beam, any drift of
tha power klystron fraquency could irmediately b2 secen as a de—
crease in the height of thesa pulsas,

Duz to the vary low local ogc¢illator powar lavel virtually
no mixing action takes place at the mixer diodes during the
saturating pulsa. For mixing to take place hoth the signal and
local oscillator powere should b: comparable, and tha local

cscillator power should be greater than tha signal, or elge the

=

igh power signal biases off the diodes so far that mixing is
preventaed. This resultad in very little input to the I.F,
amplifier during the pulse, and hence no blanking off of the

amplifier was requirzsd,
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3.5.3. Cryozenic facilities

Criginally this spectromcter was operatad with a double
glass tail dewar system, which, bacause of its fragility, and the
lack of space in the inner tail duz to the small magnet gap, was
replac:d by a stainless steel tail dewar, designed and built by
Oxford Cryogenics Ltd. Fig.3.4 is ; diagram of the cryostat in—
dicating the essential details of its internal congtruction.

The intermediate tail annulus is a heat ghield, maintainad at 77k
by the liquid nitrogen reservoir, removing the neccssity for a
liquid nitrogen jacket surrounding the tail, and provides suff-
icient room in the tail for waveguide sizes up to WG 16 (X-band).
In operation, the vacuum interspace was evacuated to a pressure

of less than lo_énwith a diffusion pump, which ensured a boil off
of liquid nitrogen of less than 200 ml /hour, and znabled a temper-
ature of 4.2°K to be maintained for over fiva hours by the transfer
of about 2 litres of liquid halium.

Initial pre-cooling of the cryostat with liquid nitrogen
tooktwo to three hours, prior to which the central chamber was
evacuated and fillad with heliur gas to act as an exchange fluid
and exclude condemsible vapours. Transfer of liquid helium from
a travelling dewar wag effected using a doubla wallad metal
syphon, and was monitored during transfer Ly the superconducting

depth gauge, described in Section 3.4.3, which was sellotaped to
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tha waveguide.

3.5,4. Cperation of the spectrometer

Tr.> orientation of the samples with respect to the wave-
guide and maglgtic field was the same as for the X=-band spec-
trometer described in Section 3.4.4., the c—-axis being in the
horizontal plane. Due to the very low Q of the length of wave-
guide containing the sample compared with a cavity, it was not
found necessary to seal the bottom of the waveguide against the
entry of liquid helium, as no significant decrease in low fre-
quency noise was obgserved on sealing the short circuiting plunger
with Wood's metal after insertion of the gample.

50 Hz field sweep was used to locate the required resonance
lines prior to application of the saturating pulses. These
produced exponential traces in the same way as at X-band when
the magnetic field was precisely adjusted to the centre of the
resonance line. In the absence of a cavity, balancing of the
bridge to observe only an absorptive signal was not as simple
as for the X-band spectrometer. The method used was to adjust
the E - H tuner off resonance to produce a minimum d.c. level at
the output of the amplifier, using the oscilloscope in the d.c.
coupled mode. On bringing the magnetic field to resonance
with 50 Hz field modulation superimposed, a 100 Hz resonance
display was obtained; the E = H tuner was adjusted to maximise

this as an absorption signal, consistent with the d.c. level of
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the baseline of the display Leing the same on either side of the
sbscrption line: This was checked by switching off the 50 Hz
medulation, and slowly, sweeping through the resonance line with
the magnetic field, paying close attention to the d.c. level of
the signal immediately adjacent to the resonance line, the ab-
sence of any overshoot on both sides indicating true absorptive
balance, To clarify this, Figs. 3.5.a and b are oscillograms
of a 100 Hz resonance display with the brdige adjusted for, a,
absorption, and b, dispersion, only, these displays being quite
general for all the spectrometers described here. For ipnitial
setting up a fairly high p.r.f. ( 30 Hz) was used, but for photo-
graphic recording, using a Polaroid camera, the p.r;f. of the
658 Modulator was turned down as low as possible (0.15 Hz) en-
abling both the spin system to recover to thermal equilibrium
between pulses, and the camera shutter to be opened and closed
to record only a single trace, using the beam location indicator
léghts on the oscilloscope. Analysis of the photographs was
exactly as described for the X band results.

3.6 The O=band spectrometer -

This spectrometer was built specifically to measure relax-
ation times by the pulse response method, outlined in Section
3.2.3.d. The method and apparatus have been described by
Brown and Thorp (1967). Due to the prohibitive cost of micro-

wave valves operating in the 4 mm band (70 GHz) this sprctrometer
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uzed as a microwvave gource the first hamonic of a N=band reflex
klystron, generated by a crosg-guicdz mountad dioda and a wave-
guida %smer, acting as 2 high pass filter. Th: requirements
placed on th: microwave pulsa for the puls: response method are
vary stringent, and gznerating suitable pulses is tha major
practical difficulty with this taochniqua. In ordar to observe
the time varying response of th: spin system, the frequancy
daviatior across tha pulse must b very much l:as than the line=-
width of the ragonance, in ord:r to cnsurz that th: same part

of the lina is being monitor=gd throughout the pulse., Since

the varistion of the power abasorbod by th: saspl: ig baing
monitoresd, tha variation in pulse amplitude across the puls:
must also be very small so as not to distort the zxponertial
response. Grid modulation of a particular reflax klystron has
met these requirements, but othar methods of modulation which
have Leern: trizd hava not bean successful,

3.6.1, The pulsa rasponse O —= band gpectronmeter

Figure 3.5 is a block diagram of th: spactrometer. The
hybrid tee bridge, matching end detector =loments are all 4 m
(WG26) components, and as such thu desipgm is corventional. The
balancing of the bridge was porformed by an E ; H tuner, The
det:ctor diodes used wara Hilpar and Watts W0948, in which

the point contact diode is integral with the mount, which has
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a tunable short circuit behind the diode. Thi germanium chip
is nmountad on a grub screw, which cnalles the ralative position
of the chip and tungsten vhisker to bz variad, and the vhisker
prassure also to Le adjusted to raximisa the output detected
current. Periodic adjustment of tha diod: was neenssary, as it
was extrencly sengitive to shock, which would dagrade its per—
formance by some 10dBR fror the n-timur, These diodes werc about
13 dB more sensitive than a tunalle cartridg: diode mount (Mid=-
c:ntury Microwave 1i€26/17) , which =mployzd 2 post and bar wava-
guide transformer to fzed a IN53 coaxial cartridg: diode. The
detector diode fed a2 high gain d.c. amplifier (Sclartron A.A.
900), the output of which was display24 on an oscilloscop:.

This simpls crystal-vidzo receiver was wcll suited to rzlaxation
studies with this spectrometzr, as the signals wzra all at low
leval, thus not reguiring a larg: dynamic rangz of the aplifier,
and enablad the high pain of the amplifier to be usad fully,
producing a vid=0 display with a signal ratio of arproxiunately
10 d3. The spactrometer did not use a cavity, due to the extreme
complexity of operating ar a.f.c. systam at 70 Gz, Lut utiliged
a short circuited langth of waveguide to contain the sample in

the cryostat, as did the N=band gpzctrometer, described in Sec.
3.5.1. The waveguide feed into the cryostat was WG22 (Q=band)

.010" stainlzas stacl wall wavaguide, short circuited Ly a plunger,



on top of which was the sample. The 70 CHz radiation was leunchad
into this size of wavaguida 'y a WR26 to WG22 tap:r. This was
dona to raduce the attemnuation of 4 rm waves, which was ¢xcessive
in gtainlass staal walled WG2€, Lut whick was vaery much reduced

by transritting the waves in a higher mode than the fundamental,

H

01° in the largzr wavaguide.

3.6.2. Tha prid modulatad Lilystror sourca

The source of microwave radiation waa an Elliott 8RK19
raflex klystron, giving a C.W. power of around 60 ril at frequen=
cizs near 35GHz., Tha choice of this klystron was crucial to
the operation of the spactroveter, due to its grid modulation
characteristics. TFiguras 3.7a2 and 3.7, are the grid charactar=-
istics of the 8PX19 and an E.M.I, 25146 D-Land reaflox klystron
as measured Ly Brown., From these it nay bLe seen that the fra-
quency deviation of the FRR19 with change of prid=cathoda
voltage is minimal, whercas there is 2 linear relationship Le-
tween the two for tha R5146. This r2gults in tha 8RX19 giving
grid modulatad pulsza which have no frequency daviation detect-
able by a high=Q wavemeter (Midcentury Microwave MC22/24), in=
dicating that the deviation, if any, is less than 5 Mz, The
klystron was run with 8 volt pulses to ULring the grid=-cathod:
voltage just to the thrashold of oscillation at =40 volts,

where the power output was 3 til, measured with a thermistor
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bridge. Pulsing further up tha grid characteristic produced
more powaer, Lut at the risk of slightly greater fruquency deviation.
Originally the pulses ware transmitted to the grid via a
blocking cemzcitor (an intagral faature of the Microwave Imstrie
ments WE 80 power supnly used), which introduced gome resistance =
capacitanca diffarentiation of th= arplied pulse, and henco
arplitude sag along the langth of the output nicrowave pulsa.
Of necessity the pulses ware scme 40 118 long, as they had to lLe
atout 8 times longar than the ralaxation tim: Leing measured, in
ordar to display the basaline of the exponential properly, and
this served to accentuate tha saz towards tha end cf the pulsa,
This problem was ramoved Ly medification of thu pulging sppave
atus, A multivibrator/monostalle pulsa gencrator was Luilt,
and irterrosad in the grid supply line ag shown in the eircuit
diagram of Figur: 3.2. This pulsz zenerator zav: pulsa lengths
betwean 50 and 500 ms, with 2 riga time of 10 8, and a p.r.f.
batween 10 Hz and 1 32 and also had a singlu—shot facility. The
unit was powered by PP3 dry cell Latterizs, and the whol2 was
contained in a small box, insulated with haavy gauge polythenc
sheet. The cortrol shafts were rought out on tufnel rods, and
the input and output from the nower supply to thz klystron rrid
enterad the box via the centr: pine of VNP gerias coaxial co =

ectors, which are insuleted to withstand 3 KV, Since this
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generator was directly couplad t rhe klystron grid, all r - ¢
coupling, and hence amplitude sagz of the microwav: puls:, wers:
a2liminated.

3.6,3, The harmonic generator

The 35 GHz pulses wer: fed onto thz harmonic generator
diode, which wag a standard O=Land detector diodec ia a trang=

mission mount; a Mullard GEM 9 diode was found to give maxiuum

convarsion afficiency. The E = I tuner before the diode wmount

replacad a phase ghifter which had Leen used for matching, and
was found to give imprcved matching to the mcunt, resulting in

a 3 d3 improvement in the output of 4 mu powar. After the
diode wmount, a WG?2 to WG26 wavopuidz taper acts as a high pass
filter, th2 35 GHz radiation uot Laoing propcgatad mnorz than a
few guide wavelengths in the WG26 waveguid:, as it enters an
avanascant modes, which attenuates exponentially., T.armonic con-
varsion theory requires the diod: te b co neeted in parallel
with a load rasistarce. While l:akage p=itis i-. the diode cert-
ridge =2llcw harmonic gencration to take place when the diode is
ostensibly open circuited, a 100 ohm load was found to naximise
the 70 GHz output. The nanufacturars of the diod: moumt and
taper, Microwave Instrum:nts Ltd., quote a convergsion efficiency
of =27 dB tc th: firat heraonic (70 GHz), for this harmonic
generator, which gives a figur: of 6 MW for the ontput powar

pulge at O-hand, froam the 3 i input pulse at Q=land.



3.6,4, Tha superconductine uagnet and cryogenic systen

In order to generate the mag .:tic fields required to
ouserve AM = ] trangiticng in ruly at 70 CHz, which ara of the
order of 25 kilogauss, a supzrcouducting solunoid was usad,
manufacturad by International Research and Development Ltd.  The
solenoid was wound from niocbiun/zimenium alloy, with a critical
tenperature =f 8°K. insulated and reinforced Ly interwindings of
nylon. The solenoid had a bore of 19 rm diametar, which was
sufficient to contain an auxiliary odulation coil wound on a
tufnol former and, along the common axis of solenoid amd coil,
the (=Land low temperature stainless steeal wavepuide.

The suparconducting ragnet was =nergisad Ly the same New-
pcrt Instruments contrcl unit ané esenerator used for tha typ= D
electromasnet of thz O=band :mectrometer. Thz suncrconducting
magn:t was connactad in series with the typ: D al:uctromagnct,
and a hish current gafety dicde was connacted ip parallcl with
the solanoid. The safety diede ﬁas twc functions; &) Tha
solunoid has a normal resistance of 1500 ohms, w:ich, conneected
to the ccutrol unit output, would cause run away cf tha generator
and so the diode providas a2 low current path in gzries with the
2lectromasnet. Vhen th2 scleunocld is suparconducting, it short
circuits the Aicdz and the contrecl unit - - tharaforz sees the

correct load resistance at all tims. ) If the superconducting



snlanoid should go norwal whilc enarpised, either hocausa of a
suddzn changz in the current, or from lack of liquid helium,
then the energy stcrad in the macnetic field rust Le digsinataed.
This can cccur safaly in the dioda, which also dawps out any
current 'ringing' which may occur, and nrevents a voltas: surga,
which could be of kiloveolts, aud woild degtroy the eontrol -mit
and the sclenold insulaticn,

The mapnet wae contained in a atainless ste:l crycstat,
of gimiler int=rnal construction to that in Fig. 3.4, without
the tail, Lut a compartment 8" x 31" dia, Lelow the liguid
helium resarvoir to contain the golenoid. The solenoid was
suzported in positior Ly a lungth of 1" Jdia. stainlass astael tube
which also contained the waveguids coaxinlly.

3.6.5. Oneration of the spectrometer

Thz specirmens usad wer: the sama 23 at O=hand, cut to fit
wavepuids W322, with the c-axis in the horizontal plane. This
ragtricted measursmants te a pclar anole of 90 culy, de: to the
axial zeometry of tha solenoid. The serples woers mountad on
a short circuiting rlunzer, which was nct sealed asainet the
entry of liquid helium (8ece Sac. 3.5.4.). Oparation of tha
cryostat was similar to the crocadur: with the tail cryostat use
at O=band; tha2 intersnaca was first evacuated with a diffusion

pump and the interior pre=-ccooled for saveral hours with liquid



nitrogen Leforz the transfer of liquid halium, The depth of
liquid haliunm was monitorad with a superconducting dz2pth gauge,
sinmilar to the one described in See, 3.4.3., hut with the sensor
element free mounted baside the solenoid.

The rosonance lines wers located by modulation of the mapg—
netic field with the klystron operating in th: C.W. moda, the
auxiliary coil baing driven Dy an Airmee tyne 254 hizh power
oscillator at a low audioc frequancy. Tig 3.9 shows such an
absorption display obtained at 70 Gliz, The klystron was than
gwitched to the nulsad modz cf oparation, and the veltapes care=
fully adjusted to thz werking cenditions discussnd in Szc. 3.6.2.
The E = H tuner waes used tc Lalanca the bridge, the pulse dis-
appearing when the bridge was completely halanced, and reappoar—
ing when aunlitude uﬁbalance was introducad to chgsarv: the absorp—
tion ccrporent of the rescnance., Vhen the field was adjust:d
przcisely tc the centra of the resonance 1linae pulses with an
exponantial top were obtained ou the oscilloscop:. The pulse
lenpth was adiusted in conjunction with the oscillogcope timehase
to cive a display which showed the laval Lasaline of the expon—
ential, and the trace was than photographad with a Polaroid
camera. A pulae respongsa cscillograph is showr in Fig. 3.10,
thage being internrated in tha sseme way as nulse gaturation

oscillographs by a somilogarithmic plot of amplitude apsinst timz.
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3.6.6. The O=band klystron

—w

Few measuraments had heen pade with the spoctrometer as
deacribed shove before tha SRK19 klystrom reached tie end of its
working life with a Lurnt cut heater. The cost of replacement
was found tco be unrealistie, the price of the valve having in-
creasad by 600% due to mergers in the clctronics induatry and so
an attempt was made to ugse a: Elliott 4TFR4 O=lLand klystron for
relaxation studizs, This valve is a modification of the 8TFK2
drift tube klystron, with an additional 70Cig cavity couplad
diractly to the 35 GHz ecavity, 80 28 to extract tha first harmonic
radiation directly from the electron heam. Thae nower output is
approximately 250 rW at frequancies hatwaen 75 and 77 GHz. This
1728 abova the fraquency rang: of the first harmonic which could
be extractad from any of the N=band refl:x klystrons available
and 50 2liminated the possilility of using the pula: saturation
technique, with the 4TFK4 as the gourca of saturating pulsas and
the first harmenic of an R5146 providing the monmitor pow=r.

The modulation characterigtics of the valve are shown in Fig.

——s oscillographs of a pulse from the
4TFR4 with and without a high-0 wavamater (Midcentury Microwava
MC26/2) get at the C.W. fraquancy of the valve, showing tha
frequancy deviation across thz pulse, which mskes tha 4TFK4 un-
suitable for the pulse response mcthod with directly pulsed

operation.
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The alternatives to intermal modulation of tha valve supply
voitapes are to use a wavepulde switch axtarnal te the valve, or
to pulse the magmetic field to the resonant value from just
ahove or belcw. Tha couplirg betw:en the auxiliary coil and
the guperconducting solenoid was sufficient to cause the supar—
cocrductivity to quench whan the auxiliary coil was suddanly
pulsed, 8o rulino out finld pulsine, NReither a furrite switch
or a diode: switch produce any fraquency deviatiog in pulsad
oparatiocn, but unfortunately nelther of thase devices are cormr
ercially available operating in tha 4§ mm: frequency band., Howe
ever, some Philco 1N2792 geruanium mixer dicdes were availall:z
which had been purchagsed to operate 2 4 mm superhaterodyne
receiver. Thesa had never Leen used, as th: construction of
the diodz cartridge is Yased on RC-98/U (WG25) waveguide, tha
point contact diode hWeing a fully encapsulated crossguidz type,
opaerable in either polarity as »oth contact pins ar: irsulatad
fromm the Yody. Since tha Aiod: cartridge is completely
traverged by ths wgvazuide s2ction, a . - "eoAl - was desipgnad
for these diod:s, and iz shown irn Fig. 3.18. Tha WG26/RG=28/U
waveguide tapers were madza by broaching annealad copper walled
WG26 weveguide with a higaly polishad tool=st::2l former, and
were mad: a closa sliding fit to the lengitudinally split mounting

block, This enabled the tapers to La pushed up to the glass
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vindows cf the 1M2792 diodc cartridg:, which ware racsased by
032" befor: clamping tha wicle essembly with the crosslolts.
Ti: diode was tested with Loth the 4TFK4 klystron at 76 Cliz and
tte first harmonic of an R5146 O=band klystrén, 71 Gdz, which is
cicsar to *hz2 degign frequency of the diode cartridge (69,75 GHz).
An B = R tuaer was usad a8 a matching element before the dioda,
but at hoi fraquancies it was found to rivz a maxirum atten—
vation of 1,7 d8, with a rcverse hias of 10 volts, to an unbiased
ingertion lcsg of -6dB, Tha insertion loss was raducad to =3 4B
vhen thz Jiode was forward Liased with a current of 10 mj,
giving an overall switching ratio of 4.7 43, This is insuff-
icient reverse Lias igolation for tha pulse rzspomsa tachniqua,
£, even wvhen tha klystrop output is attonuatad to the microwatt
leval, sufficiant leakage nower passes the dicde in tha ‘off’
condition to causa disturbance of tha gnin system. This is also
too low a switching ratic for the singl: klystron pulse tech=
niqua, describad in Chapter 4, as the laakape power lavel, which
ig used as the monitor signal, is toc high for the ‘on' oulse
to cause sufficient aidditional saturation of the spin system to
be detected as a Jdeparture from thermal equilibrium by the mon-
itor. One posgsible exnlanation for thz poor rwodu:lating narform—
ance of these dicdes lias in the hish revars: bias leakage current

characteristic, shown in Figure 3.13.
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 FIGURE 3136

| 1~V CHARACTERISTIC OF
B 1N2792 DIODE

E| FORWARD: 0.2v, IOmA/DIV
REVERSE: lv, 5 mA/DIV

=] FIGURE 3.13b

I-VY CHARACTERISTIC OF
O-BAND SWITCHING DIODE

FORWARD:
UPPER & LOWER; 2v, 20 mA/ DIV

REVERSE ;
UPPER; 20 v, 2mA/DIV

FIGURE 3.13 ¢

[-V CHARACTERISTIC OF
L4756 DIODE

FORWARD: 0.5 v, 20 mA/ DIV

REVERSE : 20v,0.2mA /DIV
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Anothar possible explanation for th:sz poor pulsing
characteristics was thought to Lo gross mismatching to the
diode duw2 to the usz of tapsrs. Accordingly =2 wave guide
nounted dicde was constructad directly in WG26 wavzguide in an
attempt tc chtain hatter pulses. The construction of tha
diode in its mount is showm in Figure 3.18; some of the tech=
niques ussd in its manufacture are comtained in Torrey and
Whitmer (1948).

The semiconductor material used wag sinzle crystal n-typ=
germanium, guppliad as ,006" thick wafers Ly the Kech=Light Co,
These waf-1rg ware gtated to have a resistivity of 40 ohm cﬁ-l
and a dislocation density of 7.103 cm-l and, as suprlied, had
& roughly lapnad surface finish, A wafer clzavad to cbtain a
030" gcuure chip, which was washed in trichlorccthyline hafora
baing ccldrred gquarely to the brass 10 3A threaded header with
lead/tin solder, using Triczne flu. This »roduces a mechan-
ically sound chrmic contact, the soller forming an alloy at tha
intarface with the germapium, Without further trzatment this
producas a vary poor diode, and the rectifying fac: of tha chip
wag tharefore finished by lapping and etching. The header was
screwad into the centrél sliding stem of a stainl:ss steul pslish=-
ing jig, which kept tha face of the chip parallel to the alrasive

surface, while allowing free movement in the vertieal plana.
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The chip was lappad successively with wat 600 grit carborundum
pasta on a glass lap and 3,1 and } micron diamond paste on a
rotary lapping machine and finally pelish:d with 0.1 micron
alumina powder and watzr on a nlass platc. The polishad gurface
was atched with CP4 etchant to reamove the work damagad layer, and
enhance the carrier lifetime 2y ruomoval of surfacs reconbination
statas., CI'4, normally made up of 3 parts hydrofluoric acid tec
5 parts concentrated nitric acid and 3 parts zlacial acetic acid,
atched germsnium vary rapicly, Lut the addition of a further 6 =
8 parts of acetic acid as a modarator slowa dowm the atching rate
sufficiently to allow a very thin surfaca layer anly to Le ramoved,
leaving a vary high mirror finish.

Tha contact whigker wag made from tungsten wire, suppliecd
Ly Lamp Metals Ltd. It was not possitle to crimp .001" wire
intc a whisker due to its excessive apringiness, .ut ,002" wire
was easily shaped, cither by hand with tweezors, or using a jig,
to produce a dewhle crimp: In order to solder tha whisker
into the mounting hole in ite supperting post the tungsten was
coppar plated after crimping to shape, tungsten matal Leing
virtually impossiblc to solder. Thzs tungsten was first cleaued
by electroiytic 2tching in Langmuir'’s solution (1 part sodium
hydroxid: to seven parts each gsodium and potassium nitrite mada
up in 100 parts of water), the whigker Laing tha anods and another

piace of tungsten wir: the cathode. Approximately 10 sceonds
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imrmersion with 20 mA current flowing claaned the surface to a
bright finish without unduc orosion of thz wire, and immediately
after washing in distillad wator the whisker was plated, An
acid/sulphate plating bath was usad, nede up of 200 gm copper
sulphate, 27 nl concentrated sulphuric acid and 12 pgrams of potash
alun in 1 litra of distilled watcr. The whisker vas made cathodic
to a pure -opper anode, and a thin adherent coating of eopperx
formad in 1-2 minutes with the passage of about 1 mA,

Tha whiskzr wes timned, cut to length and then soldared
into the sunporting post, cnsuring that the tip was as nesar
coaxizl as nossilles with the post. Tha copper plating on the
crimp itself was removed hy a Lriaf dip in econcintratad nitric
a:id, and the tip pointed =lactrolytically, using Lanpmuir's
solution apain, but with just the tin of thue whigker touching
the sclution surface, The application of alout 2 volts rapidly
disgolves thz tip to tha noint where the decrease in wetted
area limits the current that car flow, qnd lzaves the tip of the
whiskar with a very fine point, estimatad to have a radius of the
order of .0002" vwhep viewad under a microscona.

Having prapared the germanium chip and the vhigkar on
their respective headers thay were assetibled to tha mount. The
nylon bush holdinz the whisker support has the dual role of nro—
viding an insulating mount for this contact and, duz to the

resilience of the nylon, a 'dzad', backlash fre: motion of tha
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whisker results whan the support post is scrawed in., HNylon
bushas were fitted to provide this 'dead' motion for the tuning
scrzwa, the nylon also providing a salf=lockinz action., The
wihisker was sdvanced until it just made contact with the chip
of germaniviy, and then it was advanced approximat:ly 001" further
to establis: contact preasure through corprussion of tha erimp.
Adjustment »f tha crirmp compression cculd Le made to lass than
.CO1" with the backlash free motion of the 10 3A screw, which
has a pitck of 0,13",

The regulting diode had a forward reeistanc2: of 60 chms
and a Lacl resistance of arocund 105 ohms, mweagsurad at 0.5 volt.
The dicd: characteristic is shown in Pigura 3.18{» Upon testing
~t 76 Gz, this diod: was found to have a conversion efficiency,
vhen used 23 a datector, very similar to that of the WO 248
diodefmount msde by Hilger and Watts., Used as a modulator,
the diod: i:zi an overall switching ratio of 7 dB, with a forwerd
bias (ON) of 40 mA, and a raversa bias of 25 volts (OFF), the
ingerticn: logs when forward hiasad bLeinpg 2.5 ¢3.  Although
gomewhat bestor thap “he performance of tha Phileco 1N2792 diode
usad as a modulator, this did not providc sufficiant reversa
Lias isolation to caable 2ither pulse raspensc or pulse satur—

* ation relazation measur=ments to L2 nadz, for the same raasons

as before. It is nosrible that the semiconductor material
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used, sarmanium, is a limitation to better modulation charac-
terigtics at millimetrie freguencies. Commercially available
switching diodes now being precducod for use at contimetric
frequencies (Phileco L4700 scorics, eoxtending to ¥ bhand, 26 GHz),
utilige thz higher resistivities availalle from epitaxial silicon
grown on high conductivity substrates to offer switching ratios
as high as 35 4B, comparad to the performancz of tha previous
generation of germanium switching ciodes (Philco 1H3073) which
gave a maximum ratic of 16 d3 at X Land.

Unfortunately no faciliticzs for silicon epitaxy wers
available, nor werz any other suitahbl: samplas of germanium,
or gallium arsenide, which has a very high moLility, and so

this interesting line of rcesearch had to Le discontinuad.
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CUAPTER 4
AFPARATUS AND EXPERTMENTAL TECENIOUES 1T

4.1 Introduction

Following tha results of preliminary measurzments of spin
lattice relaxation times in rulLy at the frequencics dealt with
in Chapter 3 it was decided to axtend the moasurchents into tha
fraquency intervala betwezn X-band and O=-band, as this appaared
to ba the major region of interest., The two frzquency bLands '
in this interval for which components are comrercially available
are J-band (12 - }8 GHz, based on WG 18 waveguide) and K=Land
(18 - 26 GHz, WG 20) and so Spactrometers were huilt to operate
at thesz frequencies, The initial intention was to use the
pulse response method for Loth of thega spectrometars, but the
eritical requirementé placed on the microwava pulse prevented
this, despite th2 apparemt simplicity of the microwave circuit
required. Conaequently a single klystron nulse saturation
technidue vas davazlopad for Lioth thesge instrunenta, uging micro-
wave switching diedea.,

4.2. The J=band spucizomeier

Ean e e Mcasuen

4.2.1. Desipn conwicniumion

As originally conceived, this spectremet=r was to usa the
pulse rzsponsa techniquz developed for use at O-band, Initial

measurcments of the grid modulation characteristics of a J-band
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reflex klystron, Z.M4,I. R9625, indicated that they were gimilar
to those of the R5146 descriled in Section 3,6,1., making this
valvz unsuitable for the technique for the same raasens.
Accordingly, an E.E,V.C. K3102 reflex klystron was purchased,
giving 45 ¥ output between 14.5 and 17.5 GHe., The modulation
charactzristics of this valva ar: ghown in Figure 4.1, an
cgscillograrh of a pulss from tha valve with and without a wava=-
meter s2t at the c.w. operating frogquancy. This shows tha
fraquency voriation across th: pulsz width to be of tha ordaer
of 50 MHz (the wavameter used uot heing a high~Q type), thus
rendering this valva also unsuitable for the pulse responsa
tachnique with internal pulsing. EHowever, microwave switching
diodes have racently bacome available oparating in this fraquency
hard (Philec 14750 serias) with a quoted isolatiom of 35 dB with
powar lsvals ur to 2.5 wetts., These promiged to give suff-
icient isclation to enable the pulse response method to ba used
and the spectrometer was designad with this in mind.

Following tha successful oparation of the Q=-land spuzc-
trometer (Section 3...1.) without a microwave cavity, it was
hopad to adopt the ==zu~ :syctem at J=hand. This was only par-
tially successful howover, for two rcagsons. In order to sirp-
1ify the operation of tha gnectrometer and to keap the capital

Outlay as low ag posaibl:, this spcctromcter was oparated with
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FIGURE 4.] REFLECTOR MODULATED OUTPUT OF K3I02 KLYSTRON

UPPER: WITHOUT WAVEMETER
LOWER: WITH WAVEMETER SETAT C.W.OPERATING FREQUENCY

FIGURE 4.3a POINT CONTACT DIODE EQUIVALENT CIRCUIT
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a simple d.c. amplifier/crystal video rzc2iver instcad of a
supzrhaterodynae receiver, as was the O-hand spactrometer. What
thie ciystal videé receiver gaing in simplicity of overation and
coest, havinr o 1.0, with its attondant stabilisation or i.f.
amplifiar to b2 tuned, it loges in sensitivity comparad with
superhet, systems due to its wide r.f. Landwidth, This loss

of semsitivity can b2 hetween 20 and 40 d3, depz2nding on the power
lavel at the detector and the Adegree of mierowave 'Lucking'
employed at the diode (Feher, 1957). In addition, at Q=%and
the samples usad filled the waveguidz, and consaquently had a
larpe interaction with the microwave magentic fisld., At J=band,
using the same samples, because of the lenger wavelangth, they
de not have such a large volume of intoraction with the micro-
wave nagnetic £i=1d, with a consz=quent racduction in the percent=
acz of the incident power reflectad to the bridge as a resonanca
signal.

Although: the spectrometer was opcrated without a cavity,
only very larpe samples z2ve gufficient signal to anable relax—
ation msasurements to be v:ide and the position of tha sample
aove the short circuit ::rmination of the waveguide was found
to e critical, which it w13 not at O=band - again Lecansz of
the increzased wavelength aad reduced interaction. As a rasult

of thzsa preliminary mesaurenents it was decidad to operate the
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system with a microwave cavitj, which is descriled in Section
4,2.,2, Introduction of a cavity raised the problam of frequency
staLlility of the klystron ancd it was anticinatzd that an a.f.c.
system wouls La raquired. THewvaver, tests with a cavity and

the K3102 :iystron as deliverad indicatad that shoee term drife
was not ar “ad as expectad, and 8o the klystron was stabiliged
by fmmeraica in an oil Lath to increase its thermal caparity and
reducz the cffect of thermal drift. The K3102 is a low voltage
valve, and was run from a simpla gtabilised power supply, origin-
ally constructed to run a KS9/20-A X~band klystron. With this
power supply and oil bath, the stability of the system was quite
sufficient for the work proposed, a resonance signal Leing main=-
tainad without datectable drift or untalanece of the bridge for
upwerds of sn hour onca the oil bath had warmed up to its op=r—
sting temperature, It is probable that grester ntdbility_could
be attained either by tempe?ature confrol of fhe bath, or by a
microwave a.f.c. éystem. but thase were not found nczecssary

for the prescnt work.

4.2.2. The exparimertal avity

Duz to lack of spa;e.in-the tail of tha metal crygstaé uged
with this spectrometer = xéctangular. rathar than e cylindrical,
cavity was uséd. the highar Q factors asgociated-with cylindriecal
cavities not being neaded ag ultimate sensitivity was not tﬁe

dpjecf. The introduction of a dielectric sample into an wmfilled
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cavity generally reduces its rcesonant fraquency (Montgomery,
Dicke and PUrca=1ll, 1948) and so, as the gairples used wer: of
varying size, to allow constant froguency of opzration the cav—
ity was made tunable. A diagram of the cavity constructed is
gshown in Figure 4.,2. Coupling was via a circular centered

hole iris, and was varied by the capzscitative tunineg screw irre
ediately above the iris. The tunine serew was mounted in a
nylon bush to eliminate backlash and gid:shake in its adjustment,
which nmade tuning very tadious when the screw was originally
thraaded intc the wavepuide wall and gecurad with a locknut.

The base of the cavity was a non—-contacting plunger; which was
removable with its leadscrew to allcw the mounting of the samples
on thz plunger so as to lie against the narrow well of the cavity.

2 insertion of the plunger enablad =ither TR

=

101* B2 °F
TE103 modazs to La selectad acrogs th: tunine rang: of the klystrom:
oparation waes fixed at 16 CHz, the peak powar putnut fraquency

of the klystrcn, and the TE mod» was usually usad, as it had

103
the highest 0 ( 1200).

Mo provisinn was made for romotely varying the counling
at low temperatures, as it was intznded to us:z th: method Jas-
cribed in Sszetion 3.4.23., of 'satting off' th: counline at room

temperature to hacons close to 1007 at 4.2°%. This nroved

successful, and no modification was made to tha cavity syster.
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Liquié helium was excludad from the cavity Dy a brass can screwed
to a threaded rins above tha cavity, a lip inside this can also
acts as a locking ring tc fix the cavity teo th: low temperature
waveguida,

3.2.3. The switchinz diode

A point contact diode may 5z characterisad Ly an equiv-
alant circuit, shown in Figure 4. 3aG{fl&L is the inductance of
tha contact whigker, and Cs tha stray caracitanc: duz to the
mounting of the diode in its vackage. The effects of Cs can
usually be =liminated by nroperly matching the diode to the
wavequida, and can therefor: be neelectad. RB is termed the
spraading resistance, which is ohmic, and arises fron the di=-
vergance of current flow lines into tha semiconducting chip
around the point of ccntact. R, is the harrier rz=sistance of
the rectifying contact, ariaing from the formation of tha harr-
ier layﬂr in the sgalcoucuctnr at the contact and is variable
with bxas. Jeln° swall (decruaslng exponantially with voltape)
in tha forward directien, and large in tha revzrse direaction.

s the barrier cazpacitance, which is also variablae with DLias,

f=te

C
b
due to variaticna in the depletion layer thickness at the con—
tact, and thc storage and loss of chargz in this layer.

When the dioda is forward Liaszd Em Lacomes small, and

C, is shunted, The series circuit of RS and L przsents an
o
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impedance such that the dJdiscoatinvity is small, and little power
is reflocted from the dicde. The rogidual mis-natch, and diss-
ipative losses in Rs and Rb caugse the insertion lcss of the diode.
If the diode is reversad lLiased, R, now bLecomes lerz2, and is
effactively shuntod Ly Cb'cb’Rs and L now form = garies rosonant
ICR circuit with a much lowar iumpedance than the waveguid:,
which rosults in a large proportion of the incident power being
reflected.  Thue, when forward Liased the diod: acts as an ON
switch, and when reverse Liasad it is OFF,

To use tha pulse responsa tecinique with this spaetrometer
a Philco 14756 switching diode wn2s purchased. This has a quotad
isolation of over 35 d at 16 Gz, with 2n insartion loss of
0.5 d8. The transmission lcss characteristic of this diodes is
very frequency semsitive dus to the resorant nature of its design,
as shown in Figure 4.3b, with the isolation/hias characteristic
in Figure 4.3c. This simplifiaed the design of a mount, shown
in Figure 4.4, as cne was not rzadily availalle comrercially,
since tha diode was self tuned, but restrictad the working fre-
quency tc Leing vary close to the diode design fraquancy of 16
GHz in order to maintain the optimum isolation, required for the
techniqua.

In practice, due to thz raauirement of oparcting at the
cavity froquency, which alterad as it coolzd to helium temper—

ature, it was vary difficult to attain 35 d3 isolation, the
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provision latar of tuning screws on the mount Leing of little
a21n. This resulted in cxtreacly poocr pulse rasponse signals,
which were toc wask to Le wmeasurabl:. Therzfore it was decided
to use the leakage rower past thz gwitch in the OFF condition
as thz monitor power, and thz ON pulse as the saturating pulse
in thz pulsa saturation techmique. This was successful, Al-
though th:2 output powaer of tha K3102 klystron at the operating
frequency was 40 W, which was re:duced Ly at lcast 3,5d8 at

the cavity, this preducad sufficiont disturhance of the popul=-
atiors of the znergy luvels to giva easily detectable pulse
saturation exponential traces for the AM = 1 transitions.

To oparat: the diode under optimm conditions of maximm
r:varse hias attenvation and minimunm forward Lias insertion loss
a transistor multivibrator puls:e genzrator was ccnstructad,
givinz a holding OFF vcltag: of < 45 volts, and a current con=
trolled forward “ias pulse of up to + 50 mA to the diod:.

This unit gave pulse loengths from 100 .8 to 200 ms in switched
variable ranges, with a n.r.f. from 30 Hz to 0.5 @z, with a
rigetine o & 18 and a fall of 400 ns. The ris2 and fall time
of tha2 nicrowave pulse werz entiraly limitad Ly the pulse gon-
erator, thz switching time of the diode being a quoted 10 ns.
The reversa attcnuation was varied Ly altering the reversa: Lias

voltaga, and the forward hias inmsnrtion loss by altering the
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forward Lias current (so= Fig. 4.3c).

4,2.4, The spectrometer and apcillary facilitias

The overall spuctromztar circuit is shown in Fipure 4.5.
Tha bridga is = conventional hylrid tze type, halaneing being
effectad Ly the E = I tuner, The auxiliary diode detector om
tha directive fzed hefore the cavity was usad for nonitoring tha
cavity algorption during th: initial setting un of tha spuzctrom=
atar. The d.c. amplifier usad (Sclartron A.A. 900) raquired a
balanced input, floating with rasp:ct to carth and 8o the lridge
detector mcunt was d.c. isolatad fron th: main rmicrowave circuit
with a mica washer and nylon scrows to locatz the flanpes.

The cryogenic systen was th2 samz as usad for Q=hand
spectrometer described in Section 3.5.3., a stainlesa steel
dewar containing the cavity, which was fed by internally silver
plated .005" wall German silver waveguide. Tha sane supercon=
ducting hzlium dapth gaupe as proeviously descrizd was used,
fhe magwat systom was the Newport Instruments tyn: D 8 inch
elactromagnat with 50 iz swzep d:seribed in Saction 3.5.1., the
maximur field requirad at J-Land Lzing orly 10 kilcgauss,

Due to thz restricted dynamic rarnge of the d.c. amplificr,
working at high gzin tc display the exponential rzcevary of tha
spin system with a2 monitor power lavel of sprroximatcly 20 jAW,

sone difficulty was experienced with saturation of the amplifier
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by the saturatine powar pulgz, 3y working very close to brides
balance littls of the saturatine pulse power reachad the detec=
tor diode, Lut this alsc limited the availahls racovery signal.
Thz preferrad method of sunpreasing this saturation would have
Leen to placz another switching diode Letwoan tha brides and
dztector diod:, and fead this with pulszs in antiphase to those
aprlied to tha modulatine dicd2, i.e. OFF during the saturating
pulse, and ON during the monitor period, with sliaht overlap at
eithar end of the gaturating pulsa. Another dicdz was not
available, and so the prchblenm was ovarcor: witn a low ncise
transistorised d.c. preamplifier/limiter (Wicz, 1269), having a
gain of 40 d3, and an output limited to 40 oV, which praventaed
the full ocutput of the detector diode during the pewer palse
reaching the d,c. amplifier, but passad the full preamplified
axponential recovery sigmal for further cmplifieation and display.
This unit was battery powarad, and used low noise traagistors.
Using low noige 1N7838 detector diodz=s for recovery of the micro
wave signal, the majority of tha ndisa in th: systom came from
the A.A.900 amplifier (10 mV at maximuia gain, &6 J3, with input
shortcircuited).

4,2.5. Operation of the spectromater

The ruby samples were mounted on the bottom plunger of

the cavity with Apiezon grease and the plunger was then inserted
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to find tha TE 103 TYesonence and lockad in placce, tha klystron
reflector voltaga being swapt at 50 ilz tc display the mode on
the oscilloscope. The cavity tuning scraw was insarted to pro-
duce critical coupling and then retracted to zive coupling of
approximately 60Z. This thon produced near critical couriing
at 4.2%. The cavity was sealed in its brass can, the threads
being coated with Apiezon nreasa, The cryostat was put in
place and after pumping the interspaca and £illing the interior
with helium gas, filled with liquid nitrogen to pre-cool for

2 - 3 hours. The cavity resonsnce was monitorad during helium
transfer, and the klystrcn mechanically tuned to return the
cavity absorption to the centre of tha mode display and ensure
that the coupling had increasad tc approximat:ly 1007 after
cooling.

Thz 50 Hz sweep was switchad off and the reflzactor voltage
adjusted to biring the klystron and cavity fraquenciczs into exact
coincidence. The resonance transition was then located using
50 Hz ficld swacp, and the Lridsa balanced teo produce an absorp=
tion digplay, as detailed in See. 3.5.4. The sample was then
exactly orientated with respact to the magentic field using the
resonance ahsorpticn to find the c-axis direction precis=ly.

Two methods werz used for thig: at polar angles of 0° and 90°

thz resonant field valucs for all ruby absorption lines show well
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defined maxima or mninima (Schulz-=du 3ois, 1359) and by rotating
the maesagt about its vertical axis and simultaneously adjusting
the fiecld value to follow the abgorption line these may be
located. The 90° and 0° positions can then be differentiated
gither by prior knowledsze of tha approximate: location of the
c-axig in the sample, or by tha differ:nces in the two spactra,
ne AM=2or 3 trangitions laing visible at 0°. Thes:z maxima
and minima are rather broad at J=-Land frequancies, and a much
mors precigs method is to locat: the ‘doull: pump angle',54°45',
where the =3/2 to =1/2 and +1/2 to =1/2 transitions in ruby
coincide at tha same fiald value., This is a sharply defined
position, as the spectrum is varying rapidly with polar angle
in this vicinity, and may he located to within 0.1°. The
magn@t may than he rotated, using its vernier angular scal:, by
either 54.7° or 35.3° to exactly the 0° or 90° polar angle
position. Using the rcsonance spectrum to locate the c—axis in
this way removes uncertain ties introducad by the twisting of
the thin wall waveguids and th= cutting cf the sample, providing
that the c-axis is placed as accurataly as pogsible in the
horizontal plans to start with,

Raving located the reguired rcsonance, the field sweep was
removed and the pulse generator switched on, the oacilloscope

being triggered from the leading edge of the power pulse. The
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ficld value was adjusted cxactly to resonancz to produce an
exponential display on the oscilloscoper, using a fairly high p.r.f.
for case of viewing while setting up. The amplifiar gain and
timebase were adjusted to produce as large am cxponential trace

as was commensurate with the noise level, and to display the
baseline of the racovery. The p.r.f. was turned to the minimum
to photograph the trace in order to minimise the possible zffect
of one pulsa on tha succeeding onz:. The analysis of the Polar-
oid photographs so obtained was the game as is detailed in Section
3.4.4,

4.3, The K=band spcctrometer

This spectrometer was designed and built in parallel with
the J=band spectrometer described in the previous Sections and
sharazd some of the ancillary facilities, but diffored somewhat
in detail.

4.3.1. Factors affecting the design

This spactrometer was originally intendcd to use the pulse

reaponse technique for measuring T. and to cxploit the low power

1
requirement of the tochnique it was hoped to use the first harmonic
of an X-band reflex klyatron operating at 11 - 12 GHz, rather
thanpurchase a much mores expensive K-band klystron., Initial
experiments weras carried out using this source; the harmonic

generator, manufactured by Midcentury Microwavegear Ltd., was

an orthogonal guida type, the X=band guide having a bar and
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post transformer feeding a straight post centrally mounted in

the K~band puide, the pogt continuing ahove the waveguides iuto

a tunable coaxial cavity containing tha ron=lincer =2l:ment, a
IN2€6 coaxial diode. This generator was fod by a 2K25 X=~band
klystron, vhich is quite unsuitable for e¢luctrod: modulation, but
it was intended to use a Philco 143482 ¥=band switching diod: to
produce the necessary pulsag at ¥=band, thase baing convertad to
K=band pulses by the harmonic ganerator. TWowcver, the 1N3482

i8 a germanium diod: and has an isolation ratio of only 18 dB,
which allows too great a lzakage for tha pulse response method
ard the harmonic genarator supplied teo little powar for the
pulse saturation tachnique and so 3 ii~band klystron was obtained.
This valve was an unlisted experimental reflex klystron, kindly
made available by the English Elactric Valve Company, which is

a scaled up version of tha 8RK19 N-band klystron which had proved
suitable for the pulse response technique at O~band., It was
hopasd that, as tha =lactron optics of the two valves are similar,
this valve would have similar grid modulation characteriatics to
the 8RK19, but unfortunately this was not so. Ticura 4.8 shows
oscillographs of the power output/grid voltaga characteristic of
the valve, the oscilloscope timebase voltapg: baing usad to sweep
tha grid voltage. As the upper trace shows, oacillation coum
ences sharply at =60 volts, in a similar fashion to the 8RK19

(Fig. 3.72), but guperpogition of the absorption curve of a



B wiTHOUT
| WAVEMETER

POWER OUTPUT CARBITRARY)

o -2Sv (cwpomt)
GRID-CATHODE VOLTAGE [3v/DIV

B WITH WAVEMETER
B SETAT Cw.
§ OPERATING FREQUENCY

POWER OUTPUT CARBITRARY)

Sv (c poi
GRID-CATHODE VOLTAGE [3v/DIV

FIGURE 4.6 K-BAND. KLYSTRON GRID CHARACTERISTICS



121 7

high=Q wavarmeter at the operating fréquercy in tha lower oscill-
ograph shows the congidersble frequency deviation across the
characteristic. Since th2 valva delivers over 80 i between
21.35 and 22.33 GHz it was decid:d, following th: ekp&rience with
the J=band spectromater, to use th2 puls: saturation technique,
using switching diodzs to control the power l:vels required.

For thz same reasons given in Section 4.2.1, it was neeessary to
use a microwave cavity to contain the sample in order to obtain
sufficient sengitivity of operation.

4.,3.2. Frequancy stabilisation

Prior to delivery of the valve and in view of tha great
frequency instability of a simple spectrometer built using tha
harmonic genarator as the source of K-band power, it was fzlt
that én éutomatic frequency control (a.f.c.) systen for the K-
band klystron would be nzcessary for any 2.8.r. work. This was
built and tested using both the harmonic generator end 2K25 and
the K~band klystron using a design due to Faulkner (1964), which
hag the advantage over the Pound systanm describad in Section
3.4.1, of requiring fewer components and being somewhat simplerx
in operation. Tha microwava circuit is shown in Figure 4.9;
the 50 kHz oscillator, arplificr and phase sensitive detactor
were simple transistorised units, The phase gensitive detector
was transformer coupled to the oscillator and amplifier with

transformers highly insulated Latween primary and sacondary,
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c¢nabling the p.s.d. to be dircetly connectod into the klystron
reflector supply linz, which was at 2,2 XV, the K=band valve
being a high voltage typ:.

The principle of this a.f.c. swst:em lies in modulation
of the frequency of the reaction/transmission wavoeneter cavity
by the modulating diode terminating the transmisaion arm.
This avoids the modulation of tha klystron output which many a.f.c.
systems require and avoids the complication of uechanical cavity
modulation systems such as that described by Waring (1963).
The original desipgn required a phase shifter Letwaan the mod-
ulating diode and cavity, bLut this was found to D unnecessary
using a tunable diode mount incorporating a varialle insertion
post in a 8 “tted saction of guide (¥id-century Microwava MC20/
17), as this alone was sufficient to match the diode impadance
to the cavity. Both modulating and datector diodes were 1IN26
(Microwave Asgocisates), th: wmodulatirg diode drive bheing 1 v paak
to paak at 50 kHz. When the modulating diodz is correctly
nmatchad to the cavity and the klystron frequancy coincidzs ex=
actly with that of the cavity, the detector output is a very
small signal at twice tha modulating frequency, Lut when the
klystron frequency drifts to cother side of the cavity centre
frequency, a larger 50 kliz sipnal is produced, with opposite Fhase

with respect to the modulating signal on either side of the
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cavity centre frequeancy and this produces a d.c. output from the
p.s.d, which acts, when applied with the correct polarity, as a
correction voltage to the klystron raflector, returning the
klystron frzquency to that of the cavity. A high=0 K-bLband trang-
mission/reaction wavemeter was not available with short delivery
and 80 one was made, following thz degign of Bleaq§ et.al.(1947),

using the To11 cylindriczl mode, This placea the transmission

21
modes to the tramsmission arm. Coupling into th: and wall of

arm at 45° to the main am, 80 =liminatinz coupling of the H

the cavity was via two small circular holzs )klz apart in the
narrow wall of the main guide, and symmatrically dJdisposed about
the centre of the end wall of the cylinder. Coupling to thle
transmission arm was by a centred circular iris at the end of
the arm, forming part of the cavity side wall. The cavity end
plunger was non-contacting, as there arz no radial eond wall curr-
ents with the 3011 mode and was bLacked by a lossy tufnol ring to
suppress unwanted coaxial modes bchind the plunger., The entire
assembly was made of brass, the interior surfaces lLeing very
highly polishad and then silver platad, using a silvaer/cyanide
solution and then repolished, which producod a ¢ of approximately
4000.

This a.f.c. system was firat tested using the harmonic

generator and proved succesgful in stabilising the fraquency of
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the source KS9/20A (2X25) X=-band klystron, enalling a resonance
digplay to be maintained for several hours, whurcas previously
a chang> in fraquency would cause loss of the display within a
few ninutes. Although tested with the K=hand klystron when
deliverad, this system was not finally found to L= neccssary, as,
although the stalility of the valve was not very good when all-
owed natural air coolirg, drift sufficient to ﬁpset bridge Lalance
but not to cause total logs of resonance occurring within about
ten minutea, placing the valve in an o0il bath, as was done for
the X3102 J=-hand klystron, resulted in very sood long term stab-
ility once operating temperature had Leen raachad. Run in
conjunction with a Microwave Instrumants WE80 powar supply, this
klystron was capabl: of maintaining a resonancz display for 4 - 5
hours if nccegsary, aided by the stahility of th: Newport Instru-
ments C225 magent control unit and generator.

4.3,3. The sxperinmental cavity

Initial experiments with this spect.ometer ware carriad

out using a rectangular TE cavity of very similar design to

10p
that used at J-band (Fiz.4.2.). This was somewhat longer and
could therefore utilisz higher modes, dut it was found that the
method of ‘'setting off' the coupling at room temperature to Liacome
100Z2 at helium temperature was not successful, dne to the amaller,

more critical dimensions involvad at XZ=band. Therefore, a fixed

fraquancy rectangular cavity with remotely variable coupling was
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coustructed, as shown in Figure 4.8. Figure 4 4@ shows a plot
of cavity N vergus mode numl:2r, p, for tha rectang:lar TE'.lop
variable froquency cavity, which shows the increase in Q as the
mode number rises. The O factors ware estimatad using a comm—
aercial high 0 wavameter to determin: th2 3 dB width in fraquency
of the cavity abaorpticn rclative to tha centre fraquancy which
was kapt ermstant at 21,5 GHz, this heing the design frequency
of tha cavity at which the K=hand klystron gave naximum power
output. As a compromise Letween high O and convenient length,
the TE104 mode was sclected for the experimental cavity, but it
was found fecessary tc make the bottom plunger of the cavity
novable, duz to the large and variabla filling factor of tha samples
usad., This caused a very large chang: in rescnant frequency,
taking it cut of the tuning rang: of the klystron whon the empty
cavity resonated at 21.5 GHz and sc a movable non=contacting
plunger and locking screw were used to terminate the cavity.

The variablz ingertion capacitative tuning screw was re-
tained, 28 this is capable of a wide rang: of matchins, but was
driven by a worm and spur gaar. These were racessad into th
threaded ring at the bottom of the stainless stezl 010" wall low
temperature waveguide, to which the modified ®~Land fluuga at the
topof the cavity was clamped by a lip inside the brass can used to

exclude liquid helium from the cavity. The worm was driven by a
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{" o.d. stainless stecal tube, which ran up to the cryostat head
within a ,005" wall German silver guid: tube which kept helium
out of the mechanism. In use, tha coupling drive was thoroughly
de~greased in trichleroethylene to elinminate all tracas of grease
which would have frezen solid and siczed the machanisnm at 4.2°K.
The samples ware wucunted on the cavity plunger against the narrow
wall with Api=zon grease and tha plunger adjusted to Lring the
resonance of the filled cavity to 21.5 CHz hafore smaling the
Lrasgs halium oxeluding can to the threadad ring with greasc.

4.,3.4. E=hand pulse gernceration

Great difficulty was expericnccd in attempting to obtain
a Philco L4760 serizs K=band swithing diod: frem the aponts. Two
altecrnatives to the original desipgn intantion weog therafore
found. Firstly the J=barnd L4756 diode in its mount warzs matched
to the K=band WG20 with two WG1l8/WG20 tapers, and nsad as a K=band
switch. This was successful, despite tha L4756 Laing designed
spacifically for 16 GHz op2ration. The two turing screws on
the mount were necessary to match the diode 4t 21.5 GHz, Lut a
good match was found over the oparating rangz of tha spectromater
close to this fraquency. This gave nulses with a switching ratio
of about 24 dB with a forward Lias insertion loss of approximately
1 d8. This, of course, does nct appraoch th: rated performanca

at its design froquency of the L4756 diode, but is comparabhle



127
with the specified switching ratioc of the L4760 serizs of 238 dB,
and proved adaquate for pulse saturation expariments,

The second alternative was to nake germaniun point contact
dicdes in a crossgnide nmount girilar to that testad at O=ban:! and
described in detail in Section 3.6.6. The desien used was like
that of Figure 3,14, the preparation of permanium chip and whis=-
kar of .002" tungsten wire being the same, but at this longar
wavelength the two tuning scrows, spacad 3&2/8 apart, were mounted
at the centre of the same Liroad face of the waveguide., The
characteristics of this diode were similar to those of Figure
3.13b, showing a high inverse voltage breakdewm (110 v), but
considarably higher reverse leakag> current than the commercial
L4756 diod=, This resulted in a awitching ratio of alout 20 B,
the insertion loss again being around 1 dB, The same diode
pulse generator descrited in Sectionif.3 was usad te drive this
diode, the reverse biag heing 45 volts, and th: ferward hias
current 50 A,

Both of thage systams sllow almost £all Lilystron powszr to
pas8 in the ON condition, resultiny in approximately 35 mW sat=
urating power at the cavity and a rzverse lecakag: monitor power
level of approximately 200 uW. Tha larger monitor power and
;trunger saturating nulse than at J=hand rasulted in gomewhat

larzer relaxaticn rzcovery siegnals than at J-hand, scmetimes no
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additional amplification after the pre—amplifiar/limiter Leing
needad. As a check of whether tha monitor power was toc large
and itsz2l1f »roducinz any appraciallae gaturation of the trans=—
ition, the reversa bias was raduced, increasing the monitor powar
level, hut down to 15 volts reversz “ias no affact on the shape
of the exporential recovery trac: was ohservad,

4.3.5. The complete spectromcter and its oncration

Fizure 4.10 is a dizgram of the X=lLand spactronater. The
circuit is virtually ideanticel te that of tﬁa J-band spzctro-
nater, the diode on the directive f£z2d heine used for sutting up
the cavity frequency and coupling., The detector diod: on the
hybrid tee bridge wag zttached with a Parspex coupling ring and
nica washer to vrovide d.c. isolation for the L.alanced faad to
the pre-amplifier and d.c. amplifier (Solartron A.A. 900). The
bridge was balanced using the E = H tuner, after the diode mod-
ulater had been matched at the operating frequancy, as this op-
eration would upsat bridge balance. The game stainless steel
crycstat and Newport Instruments 8" type D clectromagnat were
used ag at J and O=hand, After mounting the gampl: and finding
the cavity resonance at 21.5 G2 using 50 He raflector voltage
sweep cn the klystron, the cryostat was assembled, cvacuated and
pre=cocled before the transfer of liquid helium, The klystron

had to be re-tunzd glightly to recentre the cavity frequency in
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tha klystrun mode and the coupling adjusted to match the cavity.
The requirad resonance was lucat:d with 50 Lz gweep of the mop=
netic field and the sample accurately orientatzd vsiag the mathods
dagcriLed in Section 4.2.5. The diode pulsing unit was then
switched cn, the field sweep removed ond the magnetice field rre-
cisely adjusted to give oxponential relaxation racovery traces,
which were photographed on Poluroid film and analysed by a semi-
lecgarithmic plot as detaile? in Saction 3.4.4. Using 1M78B
detecter diodes instead of tha ¥~hand diodes (Loth having the
sarv2 co-axial packaping) gave soucwhat hettar signzl to noise
and gensitivity in the spectromet:r, which ovarall was rathar
more sansitiva than tha J=bLand spectrometer. For tha ruby

eM =1, AM =2 3nd &M = 3 transitions in the same samplz
at rocr: tamperaturs, at a pclar angle cf 900, tha gignal to
nois: ratios for the K=Land spactrometer, ueasurad from a 100 Ha
oscilloscopz zlisorpticn display, were 27, 18 and 11 dis, compared
with the J-band gpectrometer, with which the 4M = 3 transitions
were not detectable above the noise, and the 8/n raties for

&M =1and ~AM =2 transitions werc 20 d3 and 9 di.
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RESULTS AND DISCUSSION
5.1 Previous Data

The series of experiments described in Chapters 3 and 4
were performed on a range of samples of artificial ruby
which had previously been subjected to crystallogfaphic and
e.s.r. analysis in this Department (Mason 1966, Kirkby
1967). Table 5.1 gives details of previously determined
parameters for these samples used in this present work.
These are growth method, concentration of chromium ions,
degree of crystalline imperfection expressed as mean c-axis
misorientation determined by analysis of Laue X-ray photo-
graphs and values of é;xx and fzz' the compressive strain
components acting in the x and z axes of the lattice (see
Kirkby and Thorp 1968 and Section 2.4). The linewidth
studies resulting in the values of ‘Exx and gzz were per-
" formed at 77°K using the Q-band spectrometer described in
Chapter 3. The chromium ion concentrations in the samples
were determined by optical spectrographic analysis at the
Chemical Inspectorate, Woolwich Arsenal, by courtesy of
Dr R. A, Mostyn.

5.2 Present Results

The results of the work described in this thesis consist
of a series of measurements of the spin-lattice relaxation
time (Tl) at 4.2°K for the ruby specimens listed in Table
5.1. '.I‘l was measured at magnetic fields corresponding to

X,J,K,Q and O-band frequencies (9.3, 16, 22, 35.5 and 71 GHz),



Sample

G24A
512B
12

237¢

Growth method Concentration
Cr3+, at. %
Vapour Phase 0.032
Vapour Phase 0.041
Czochralski 0.045
Vapour Phase 0.052
Vapour Phase 0.20

Table 5.1

Mean c-axis

misorientation,min

74
71

36
72

Strain components

xX

171
138

86
129

190

&
zZZ

140
113

80
106

155

Le.




for polar angles of 0° and 900 for the various AM = 1
transitions detectable under these conditions. Polar

angles of 0° and 900 were selected for the measurements for
the following reasons., For a polar angle of Oo, for all
values of magnetic field (H), the ground state energy levels

3+

of the Cr” dion in ruby are pure spin states, character-

ised by quantum numbers ¥ 1/2 and + 3/2. 1In addition,

3+

the energy levels of Cr” constitute a multilevel system
and the relaxation behaviour of any pair of levels which
is being monitored will be modified by relaxation constants
appertaining to the other pairs of levels in the system.
This is shown in . Equations 1.26 and 1,27, where the
Cij are amplitude constants corresponding to the relaxa-
tion times Tij for the various pairs of levels, !i; . 13> .,
These amplitude constants have been evaluated by Doncho
(1964) and he has shown that at polar angles of 90° and

" close to 0° one constant Cij is of large magnitude and
the others are very small. The relaxation behaviour at
these polar angles is therefore predominantly that of a
single pair of energy levels and so presents essentially
the simplest case for study.

The variation of spin-lattice relaxation time with
applied magnetic field for the various transitions in the
samples is shown graphically in Figures 5.1 to 5.16. In
order to determine the exponent of H o which the relaxa-

tion time is proportional the results have been plotted on

o
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log-log scales, the required exponent being the slope of
the resulting straight line graph in each case, The graphs
for all samples except No 354 show a general similarity,
Tl decreasing with increasing magnetic field. No results
are shown for polar angle 0° at O-band due to the shape of
the samples used, which could only be fitted into the WG 22
waveguide so as to place the c-axis perpendicular to the
axial field of the superconducting solenoid used in this
spectrometer (see Section 3.6).

In the graphs of measurements made at a polar angle of
900, which include relaxation times measured at a very high
magnetic field ( ~<25kG) with the O-band spectrometer, these
measurements diverge widely from the straight line which can
be drawn through the points relating to measurements made
at lower magnetic fields with the X, J, K and Q-~band equip-~
ments. As this wide divergence of the high field Tl from
the lower field values suggests a modification of the re-

2+

laxation behaviour of the xx Cr” ions, the exponent of H
at high field has been taken in most cases, in the absence
of any intermediate or higher field measurements,as the
slope of the join of the points corresponding to the Q@ and
O=-band measurements of Tl' The straight line drawn through
the low field points was fitted by the method of least
squares in each case.

The exponents of H to which Tl is proportional, de-

rived from Figures 5.1 to 5.16 are tabulated in Table 5.2,
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the 90o polar angle results being divided into those for
high and low magnetic field. No results are shown for the
-3/2 to -1/2 tramsition at 0° polar angle, as this transition
cannot be observed at X-band since the zero field splitting
of Cr3+ in ruby (11.4 GHz in frequency units) is greater
fhan the microwave quantum energy (9.3 GHz in frequency
units) and at 0° polar angle the rate of divergenee of the
energy levels of the +3/2 doublet is greater than that of
the +1/2 pair. This means that the separation in energy in
frequency units of the ~3/2 and -1/2 energy levels is never
less than 11.4 GHz and absorbtive transitions between these
levels cannot take place under these conditions (see

Figure 1.2a).

The results shown in Figures 5.1 to 5,16 and Table 5.2
are only for.those saiples and transitions for which a com-
plete set of Tl measurements had been made at frequencies
from X-band to O-band (at 6 = 0° to Q-band only).

5.3 Discussion of Results

The exponents of H associated with each transition show
fair consistency from sample to sample, with the exception
of Sample 354 which is of high chromium concentration
(0.20 at.%) and is included to show the modification of
relaxation behaviour due to the effects of spin-spin re-
laxation and other cooperative relaxation processes, in con-~
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trast with the other samples of lower Cr” concentration.

All of these measurements were made at 4.2°K, at which



Sample

G2A

312B

337C
354

Polar Angle

Transition 3-4

Q0
2.3

Q

Mag.Field Range low high 1low high

0.35
0.38
0.66 2.37 0.36
0.56 2.24 0.38

2.74
2.16
2.66
2.76

0.98

Table 5.2

1-2
low high

0.35 2.95

-1/2-+1/2

low

0.97
0.74
0.53
0.94
1.53

0

(o]

+1/2-+3/2

low

0.39
0.53




temperature the predominant relaxation process in ruby is
the direct (one phonon) process discussed in Section 2.2.3.a.
The temperature dependence of the relaxation time of the
samples used has been investigated (Mason and Thorp, 1967)
and the transition between direct and Raman relaxation was
found to occur at approximately 30°K; as the Raman contribu-
tion to relaxation at 4.2°K is very small it has been dis-
regarded.

3+

The concentration of Cr”  in the samples (except for
354) was up to 0.052 at.¥, which is below the concentration
at which spin-spin interaction has been observed to affect
the direct relaxation process (Standley and Vaughan, 1965).
In addition, there was no evidence in the microwave spectra
of any of these samples of the presence of absorption lines

3+ ion pairs (Gill, 1962) and the results are

due -to Cr
therefore regarded as characterising the behaviour of single
ions. Schawlow, Wood and Clogston (1959) also found no
evidence of lines due to exchange coupled pairs in the
optical fluorescence spectra of ruby at a Cr3+ concentration
of 0.04 at.¥.

Under these conditions,.the idealised theoretical
treatment of spin-lattice relaxation given in Chapter 2

predicts a dependence of T1 on magnetic field as H-2 for a

non-Kramer's ion and H-’+ for an isolated Kramer's doublet.

136



137

whereas at high field the exponent of H is between -2,1 and
-3, averaging —2.55 for the AM = 1 transitions observed at
A = 900. These results suggest that the relaxation behaviour
is tending towards that expected from theory at high magnetic
field and that the energy lovele arc hehaving ag isolatad
Kramer's doublets.

At low magnetic fields, the major contribution to the
separation 5ij of the energy levels between the two
doublets of the Cr3+ ion in ruby is the zero field split~
ting (Z.F.S.) of 11.46GHz and this tends to dominate any
effect on the separation of the energy levels that their
divergence under the influence of increasing magnetic field
may have. Consequently the Z.F.S. has a masking effect on
the influence of the magnetic field on Tl’ since T1 is
proportional to é;?, by BEgquation 2.19, for transitions be~
tween the two Kramer's doublets (i.e. at polar angles other
than 0°, transitions such as 2-3, 2-4 etc. (see Fig. 1.2b)).
TFor transitions between the two levels of a Kramer's
doublet (i.e. 1-2 and 3-4) the matrix elements of the ion

are proportional to H2 and consequently T. is theoretically

1
proportional to H-L'L (Equation 2.20). However, at polar
angles other than 0° for the Cr3+ ion in ruby, the energy
levels are mixtures of the pure spin states which exist at
0 = 0° (Equation 1.02) and where this situation appertains,

the theoretical dependence can no longer be expected to

apply, as the relaxation process involves all spin states,
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and not an isolated Kramer's doublet. The highest degree of

mixing of spin states occurs where the energy levels are
experiencing the greatest departure from a linear divergence
with increasing magnetic field, i.e. where their curvature

is greatest. TIn ruby, at all angles except 6 = Oo, this

is the low field region, up to approximately 9 kG, where

the separations of the energy levels for 6 = 90o are approxi-
mately 30 GHz, which roughly corresponds to Q-band

(35.5 GHz) results in Figures 5.1 to 5.76.

Above 9 kG however the divergence of the levels with
H is linear and the energy levels become closer approxima-~
tions to pure spin states as they become more isolated in
energy. The 900 high field results in Table 5.2 do not
show any significant difference between the exponents of H
for transitions 3-4 and 1-2 and those for transition 2-3,
probably because the mixing of states is not removed com-
pletely, even at 25 kG and also the Z.F.S. still constitutes
16% of the energy separation of levels 2 and 3 at this
field.

These factors taken together and in particular the
curvature of the energy level diagram at polar angles other
than 9=0°, producing a non-linear relationship between 613‘
and H, lead to a slower dependence of Tl on H than the
simple theoretical model predicts. It is therefcre to be
expecied that the exponents of H in this relationship, for

ruby, will be less than the -2 and -4 predicted for the
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transitions between and within the Kramer's doublets,

When the applied magnetic field is aligned along the
z-axis (or c-axis or optic axis) of ruby, the energy levels
are pure spin states, with good quantum numbers 12172
and lt3/2) for all values of magnetic field. The only
strictly allowed transitions are those for which AM = 1 and
there is no curvature of the energy levels or mixing of the
spin states. The Z.F.S. is still present however and is a
major contribution to the energy separation of the doublets
at low magnetic field. The exponents of H shown in Table 5.2
for 6 = 0° do not show any agreement with the theoretical
predictions for values of H up to 15 kG (Q-band). The -1/2
> +1/2 is a transition within the Kramer's doublet and the
+3/2 9 +1/2 transition is one between the doublets and, as
there is no mixture of the states, these might be expected
to show dependencies of Tl on magnetic field as H"L+ and H—2
respectively. The dependencies in Table 5.2 do show that
for the -1/2 % +1/2 transition to be more rapid (average
value -0.8) than that for the +3/2 - +1/2 (average value
~0.5) and both of thesc are more rapid than the average low
field depcndency at 8 = 90° of -0.4k. Equation 2.19 gives
1 é:;i and it is only when the two

energy levels |ay and |b) are linearly divergent with H

the proportionality T. =

from the same energy at zero field that this proportionality
becomes T, o H-z. The Z.F.S. of 11.46 GHz separates the

{ +3/2 and 1+1/2) levels however and consequently



invalidates the proportionality. Unfortunately no measure-
ments at © = 0° were possible at O-band, where the influence
of the Z.F.S. is much smaller and the Tl value would be ex-
pected to be much lower than an extrapolation of the straight
lines in Figures 5.13 to 5.15 would suggest.

In contrast to the case of ruby, the clearest sxperimental

laxation in the direct region for a simple system was given
by Davids and Wagner (1964). They showed the near perfect
fourth power dependence of Tl on magnetic field for the Fe3+
ion in KBCO(CN)6 up to approximately 4 kG. Fe3+ in the
cyanides has the configuration 3d5 and an effective spin, S',
of 1/2, due to strong covalent bonding. The energy levels,
with H parallel to the z axis, therefore occur at t1/2ngH,
i.e. they are linearly divergent from the same point at
H = 0, there being no zero field splitting. This is
effectively the theoretical case of an isolated Kramer's
doublet (for dilute crystals) and so the predicted H-J+
dependence of Tl on H is followed very closely., In addition
KBCO(CN)6 is a 'soft', water soluble, crystal, in which
little crystalline imperfection or strain might be expected
to occur to disrupt the relaxation process.

Another factor which will affect the relaxation is
crystalline imperfection., Table 5.1 gives the mean c-axis

misorientations for the samples and in a unidirectional

homogeneous magnetic field parts of the sample will not have
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their c-axis parallel to the field., In addition due to the

method of mounting the samples in the cavity or waveguide,
alignment of the magnetic field to the c-axis could only be
made in the horizontal plane, by rotation of the electro-
magnet about a vertical axis coincident with that of the
waveguide feeder into the cryostat (Chapters 3 and 4). The
alignment of the c-axis into the horizontal plane was entirely
determined by (a) the accurate cutting of the sample from
the ruby boule after X-ray location of the c-axis,to align
the axis parallel to one edge of the rectangular section
sample, (b) the accurate alignment of this edge perpendicu-
lar to the vertical axis of the waveguide feeder, whilst
positioning the sample correctly in the waveguide or cavity
and (c¢) accurately aligning the waveguide feeder so that
its axis is both vertical and coincident with, or at least
parallel to, the axis of rotation of the electromagnet poles.
The cumulative errors in this alignment procedure prob-
ably ensure that the results presented for a polar angle of
nominally 0° are for a polar angle close to OO, but with a
possible error of 50. This consideration does not apply with
the same degree of criticality at & = 900, as the require-~
ment is only for the c-~axis to be lying in a vertical plane
to enable the magnetic field to be aligned perpendicularly

by simple rotation about the vertical axis. In addition,

whereas the differences in the nature of the energy levels
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(degree of mixing of pure spin states) within 5° of 8 = 90°

are very slight. These factors will contribute to the dis-
crepancy between these measurements and the theoretical re-
lationship between T1 and H at 0 = Oo, as they cause the

energy levels being observed at what is nominally Oo to be

actually mixed energy levels of a polar angle close to Oo.

5.4 The Effect of Lattice Strain on T,

Previous authors have determined the frequency (magnetic
field) dependence of Tl in ruby by a collation of results
obtained at various frequencies by other workers, using
unrelated samples of varying concentration and degrees of
crystalline perfection. This has led to the conclusion that
T1 in ruby shows very little, if any, frequency dependence
up to Q-band frequencies (Donoho, 1964; Pace, Sampson and
Thorp, 1960). This épproach ignores other variables which
vary from sample to sample and which may have an effect of
equal or even greater magnitude on absolute value of relaxa-
tion time than the relatively small variation due to the
dependence of Tl on magnetic field. At higher concentra-
tions than those present in the samples discussed, Tl becomes
concentration dependent due to spin-spin coupling. The
presence of impurities which may act as fast relaxing

34

centres to which the Cr ions can cross relax will also
drastically reduce the measured spin relaxation time. These

ot -~ - mde e o~ dole o ammmnd el e 2o
factors are not considered contributory to the variation in

relaxation time in the present samples however, as, except



143

for sample 354 (0.2 at.% Cr3+) the concentrations, as noted
earlier, are lower than those at which concentration depen-
dent relaxation has been observed (Section 5.3). Spectro-
graphic analysis of these samples to determine their Cr3+
concentration, in addition to their e.s.r. spectra, have
failed to show detectable concentrations of other ions which
could act as fast relaxing centres.

The degree of crystalline imperfection of the :: present
samples has been investigated, as mentioned in Section 5.1
and Mason and Thorp (1967) established a linear dependence
of Tl on mean c-axis misorientation. Kirkby and Thorp
(1968) measured the static strain components £ in these
samples by analysis of the broadened linewidths of their
e.s.r, spectra. Section 2.4 contains a derived expression
(equation 2.41) which links transition probability, Wy
and compressive strain, & .

Assuming that the coefficients A to C in equation 2.41

depend only on the position vectors r., C will be the

17

largest and to a very rough approximation. using a binominal

expansion, wo, & (1 + 8 ©), which, if T, is taken, as a

ab 1
simplification, to be proportional to w;g, can be expressed
as
™ =T (1« 8€) 5.1

for a compressive strain - < , The strain components
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strain in the plane of the z axis of the aluminium oxide
lattice.

Following equation 5.1, T (TT) has been plotted

1

against total strain (vector sum of !;xx and Ezz)' each
sample providing one point (Ti and £ ), at each magnetic
field (frequency) of observation. As a complete set of
measurements for all samples existed for the 2-3 transition
at 0 = 900, this data was used to plot six graphs, one for
each magnetic field value in figures 5.1 to 5.4 and 5.8.
Figures 5.17 to 5.22 show these dependencies of Tl on strain
for the various magnetic fields. The straight lines through
the points have been fitted by the method of least squares
in each case. The Tl measurement for the 2-3 transition

for Sample L2 at tﬁe X-band (high-~field) point appears to be
in error, as it is anomalously low for no apparent reason
except experimental error, and it has been ignored (although
plotted) in Figure 5.18, as in Figure 5.1. The points fit

a straight line (linear) dependence of Tl onf.reasonably well
at high field, but not so well at low field. The slope in
all cases is negative (Tl decreasing with increasing € ),
but it is not constant, decreasing from -4,6 at the lowest
field to -0.2 at the highest (Figures 5.17 to 5.22). This
variation of slope is in agreement with equation 5.1, which
has a slope of (-8T§), vhich will decrease with ircreasing
iith 3 asing field as

discussed in Section 5.3. The slopes of the lines in Figures
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5.17 to 5.21 are all approximatvely four times steeper than

the slopes calculated from equation 5.1 which vary from

-1.3 to -0.05, using the intercept on the Tl axis of the
extrapolation of the line in each case as the value of T?

for that magnetic field. These derived values of T; are
themselves plotted against magnetic field in Figure 5.23, which
shows the same form as 5.1 to 5.4 and 5.8, from which it is
deriveé, the low field part of the graph having a slope of
-0.42 and the high field part a slope of ~-2.93.

These results show compressive strain of the host
lattice at the paramagnetic ion site to be a variable which
materially affects the spin-lattice relaxation time and the
behaviour of Tl with varying strain is described qualita-
tively, if not quantitatively, by Section 2.4, The major
contribution to the increase in the transition probability
appears to be the change in gradient of the crystal field
due to displacement of the ligand ions., The simple model
of Section 2.4 considers only isotropic strain displacing

the ligand in the direction of its radius vector r and

.
24

disregards angular displacement with respect to the Cr” ion.

The effects of modification of the phonon spectrum appear to

be slight and the effects of localised phonon modes dis-

cussed at the end of Section 2.4 have bheen disregarded, as

these measurements are all in the direct relaxation region.
It is most unlikely t ] i in i '

most un zly that microscopic strain is the

whole explanation for the variation in T, from sample to

1
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nominally similar sample under the same experimental condi-
tions. The effects of clustering of Cr3+ ions are likely
to be a relevant factor and earlier work (Thorp, Curtis and

2+

Mason, 1964) showed that Cr” ions in ruby do tend to accumu-

late in ddigtorted regions of the material, where their local
concentration will rise, introducing the vexrdious possibhle
cooperative relaxation mechanisms which are discussed in
Section 2.5, all of which tend to reduce the spin-lattice
relaxation time.
5.5 Conclusion

The conclusion of earlier authors, that the spin-
lattice relaxation time of the Cr3+ ion in ruby shows little
dependence on applied magnetic field, drawn from comparisons
of measurements made by various workers on different samples
has been shown to be incorrect, especially at higher magnetic
fields; the earlier erroneous conclusion has probably begn
due to the masking effects on Tl of other variables than
experimental conditions, which are inherent in the sample

due to its method of growth.
3+

In samples of low concentration, up to 0.05 at.% Cr '

at a polar angle of 900 the relaxation time decreases

approximately as H_O'4 from fields corresponding to X-band

to Q-band frequencies, but at very high fields, up to 25 kG

(O-band, the limit of observation) the average proportion-
2.5

ality for the A M = 1 transitions is to H ', This

apypiroaches the cependence expected from theory of between



H-2 and H_L+ for polar angles other than 0%, The divergence
from the predicted dependence at low field is probably due

to the large contribution of the zero-field splitting to the
energy separations of the levels and the high degree of
admixture of pure spin states at polar angles other than 0°
in the levels being observed. The reduction of these effects
at high fields permits the relaxation behaviour to become a
closer approximation to that of the theoretical model.

The results for 6 = 0° are for a polar angle close to
zero, but due to the lack of precision possible in aligning
the samples in the magnetic field, they probably do not re-
present exactly 0 = Oo. The low field behaviour of Tl is
similar to that at 900, but shows a slight tendency towards
the theoretical dependence in as much as the average exponent
of H for the -1/2 -»+1/2 transition is -0.8, which is signi-
ficantly larger than the average exponent of ~0.5 for the
+3/2 - +1/2 transition, but the agreement with theory in
terms of absolute value of the exponent of H is very poor
(-4 and -2 respectively for transitions within and between
Kramer's doublets); this is possibly due to a combination of
the effects of zero-field splitting, crystalline imperfection
and physical misalignment of the samples in the applied
magnetic {ield.

Correlation of Tl measurements for the range uf samples
with microscopic strain in their host lattices, measured in

earlier work by analysis of linewidth measurements, shows T1
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to be linearly proportional to strain, the linearity of the
dependence being better at high magnetic fields. The slopes

of the graphs of T, against - are approximately four times

1
greater at each frequency of measurement than a very approxi-
mate model would predict, but extrapolated values of T;, the
relaxation time in a theoretically unstrained lattice, when
plotted against magnetic field, show the same behaviour as
the individual samples for the 2~3 transition at 6 = 900.

One of the original motivations for this work, to
establish the feasibility of efficient millimetric frequency
maser operation, based on the criterion of relaxation time,
has been somewhat pre-empted by the development of other
types of low noise millimetric amplifiers, notably the
parametric amplifier, which are considerably simpler to
operate than a maser, although possibly inferior in some
aspects of performance. However, the onset of the rapid

2.5

decrease of Tl’ as H ~*7, at magnetic fields above those
corresponding to Q-band (8 mm wavelength) argues against
achieving high inversion ratios and consequently high maser
efficiency, at frequencies above this. In addition, at
very high fields, the energy levels diverge linearly and
the degree of mixing of pure spin states at angles other

0 . X
than 0~ decreases, also decreasing the matrix elements and

hence the transition probabilities for the aM = 2 pump

for very high pump powers at firequencies necessarily higher
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than the signal frequency, where, even now, high power
c.w. microwave sources are very expensive and unreliable

and are not capable of very high power levels.
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