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ABSTRACT

As a precursor to the ESR and relaxation studies, measure-
ments of the dielectric conscants and loss for pure single
crystalé of calcium tungstate have been maae at 1 MHz and room

temperature giving values of €' = 11.3 * 0.4, eé = 9.1 % 0.4

1
a
-3 .
and tand = 5 x 10 * which agree closely with Brower and Fang's.
Our measurcments were extended to frequencies up to 80 MHz
and to samples doped with neodymium .and gadolinium.
A detailed investigation has been made of the splitting

' . . 3+
of the ESR transitions in low concentration G4~ /CawWo reported-

4’
first By Buckley in 1973; this has led to the proposition of
an ordered oxygen vacancy modzl giving rise to two slightly
different Gd environments-iﬁ both of which Gd substitutes for
Ca at calcium sites. Sources for anomalies in the ESR spectra
of rare earth ions in scheelite are biiefly di.scussed.
Spin-lattice relaxation measurements for Gd3+/CaW04 were
carried out at 37.5 GHz and in the temperature range from 4.2 K
to 30 K. The relaxation in the 'direct' region agrees with
preliminary measurements repoited by Thorp et al, 1974, i.e.
T1 = 5.8 msec at 4.2 K. The change from diréct to Raman

behaviour occurs near 8 XK, and between 8 K and 30 K T1 follows

a T1 o T_3 law. This behaviour.in the higher temperature range
is explained by the assumption of crystal imperfections.
Measurements of spin-lattice relaxation were also made for

3+ : - -4.6 s s
Fe~ /Mg0Q in the same temperature range; here a T variation

was found in the Raman region and the transition temperature
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between the direct and Raman processes was about 20 K. The

data provided another example of an S-state ion behaving in

tﬁe manner predicted by the present theories of relaxation.
In the last chapter an account is given of the

combined use of ESR and TEM (Transmission Electron Microscopy)

techniques, in an investigation of the role of impurities

{mainly iron) in the.growth of cévities in neutron-irradiated

magnesium oxide crystals.
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CHAPTER 1

INTRODUCTION

1.1 The aim of the work

Paramagnetic resonance measurements for gadolinium trivalent
. L . .
ions (Gd3 ) in single crystals of calcium tungstate (CaWO4) were
reported first by Hempstead and Bowers, 1959 (1). These authors

stated some principal advantages for using CaWO

4 as a host lattice.

These were mainly that the paramagnetic ion in a CaWO4 lattice suk-
~stitutes for a calcium ion leading to an identified single spectrum;
its small linewidth, since the width cﬁntribution from the nuclear
magnetic moments cof the neighbouring ions is practically negligible,

and the suitability of the material because of its hardness and
stability. They concluded that Gd3+ makes a potentially useful
material for three-level masers. Previously, Scovil, Feher and
Seidel, 1557 (2) showed that gadolinium ethyl sulphate operates as
a solid state maser and the ion Gd3+ seems suitable since its eight
-energy levels give the choice of several modes of maser operation.

Calcium tungstate assumed technological importance in the 1960's
with the discovery that single crystals could be grown doped with -
neodymium (Nd3+) in concentrations suitable for laser action, Johnson
et al, 1962 (3). More recently there have been interests in scheelite
structure tungstates and molybdates for acousto-optic device
applications.

These applications of scheelite structure crystals have stim-
ulated studies of crystal growth, doping, defects, thermal and optical
vibrational properties, elastic properties (Farley, 1973 (4)) and
electron spin resonance measurements'(Buckley, 1973.(5)). Investigation
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of the ESR linewidths for Nd3+/CaW0 at 35 GHz and 4.2 K was under-

4
taken by G Brown et al, 1974 (6), both experimentally and theoreti-
cally for a range .of neodymium concentrations. They concluded that

the homogeneous Sroadening was found to be due almost exclusively

to the Nd-Nd dipolar interaction indicating that the Nd3+ ions replace
the calcium ions substitutionally in the CaWO4 host latﬁice. A.similar
étudy for Gd3+/CaWO4 was reported by J 8 Thorp et al,'1974 (7) and
their resﬁlts could be regarded as additional evidence for the validity
of the Gd-Ga dipoiar interacfion in determining the angular v;riation
of the linewidths. This. aiso, impliéd that the Gd3+ ions enter the
host lattice of CaWO4 substitutionall& at the calcium sites.

3+ e s
Furthernore, a study on G4~ /CaWO, was initicted by Thorp,

) 4
Buckley and Brown, 1974 (8) to investigate'the spin-lattice relaxa-
tion behaviour of this material at 37.5 GHz. They indicated that,
over the temperature range from 1.5 to 8 K, the recovery was domin-
ated by éhe direct process.

The main aim of our present studies is to investigate some
problems encountered in the preceding studies on pure aﬁd gadolinium-
doped calcium tungstate. Tﬁese remaining proklems, regarding CaWO

4

are presented as follows.

1. The previous published data about the dielectric constants of
pure CaW04, by Komandin et al, 1960 (9) and Brower and Fang, 1969 (10),
revealed an apparent discrepancy in the results. So we found it
appropriate to make new measurements, provided in Chapter 2, as a

contribution to solving this problem. Moreover, we extended these

dielectric measurements to samples of CaWo,

single crystals doped

with gadolinium and neodymium for which, to our knowledge, no previous




data were published. Although measurements of dielectric constants
are not of a direct concern in the ESR and relaxation studies,
knowledge of the dielectric behaviour of these materials is needed

for the matching conditions for the ESR spectrometers.

2. The splitting of the gadolinium transitions observed in the
studies of Gd3+/CaWO4 reported by H P Buckley, 1973 (5) was a rathe;
interésting phenomenon. In Chapter 3, we are going to investigate
the cause and nature of this splitting. . We suggest that this may

be due to ordered oxygen vacancies in the calcium tungstate lattice.

3. The study of the spin-lattice rélaxation behaviour of Gd3+/CaWO4
with temperature reported by Thorp, Buckley and Bxown, 1974 (8)
Yyevealed that the relaxation displayed a direct process in as far

as &€ K. Subsequently, our aim_was to extend the range of temperature
and to investigate the spin-lattice relaxation at High temperatures.
This is éiscussed in Chapter 4.

As regards magnesium oxide (MgOQ), the interest in its study
began initially with some industrial_problems. Magnesium oxide,.
bécause of its insulating properties, is uszd wery often as an
insulator in heating elements. It has been found that at rather
high temperatures (~4800°C) the insulating behaviour of the MgO
collaéses and, consequently, the material conducts leading to the
failure of the heating element. It has been suggested that the
diffusion of impurities from the sheath of the element, mainly iron,
into the magnesium oxide could be a possible explanaticn for the
occurrence of such breakdown; nonetheless, this argument has not
been proved yet and is still uhder study in this Department. Besides

the current measurements of electrical conductivity and dielectric




losses in pure and doped magnesium oxide, ESR studies on iroﬁ doped
magnesium oxide were carried out in this group (Vasquez, 1975 (11)
and Thorp et al, 1976 {12}).

Moreover, we were able to extend our studies on magnesihm oxide
to a rather cdifferent field of interest. That is, the study of the
damage caused by neutron-irradiated MgO samples and the consequent
nﬁcleation and growth of cavities when annealing these samples in an.
ambient of argon. _The role of iron impurities in MgO is investigated
in our studies. Thus, our aim in studying magnesium oxide is preseated

in the following.

1. With the forementioned interests in studyving MgO iﬁ tﬁis
Department, we found it appropriate to extend our knowledge akbout
Fe3+/MgO b studying its relaxation behaviour at 37.5 GHz. This was
intended as another example of én S-state ion in a cubic lattice to
be compared with Gdf3+ in the scheelite structure (tetragonal system)
which is presented in Chapters 3 and 4. This study of the iron-

" doped magnesium oxide crystals is dealt with in Chapter 5.

2. The knowledge acquired from the ECR studies of iron-doped -
magnesium oxide was helpful in the interpretation of the ESR spectra
of the annealed neutron-irradiated MgO crystéls. This was achieved
by collaboration with G J Russell (13) who provided the samples and
made transmission electron microscope (TEM) studies on them., Trans-
mission electron microscopy on its own was inadequate to identify
impurities so the need for the ESR study as a complementary technique
was necessary. ESR and TEM studies on the cavity growth in neutron

irradiated magnesium oxide are presented in Chapter 6.




1.2 Paramagnetic relaxation

Spin-lattice relaxation is, in fact, one way of achieving
thermal equilibripm for the spin system with.the surrounding latt;ce.
It is interesting to note that the phrase ‘spin-lattice relaxation'
is sometimes used even in other situations, such as noncrystalline or
even liquid paramagnetic materials, where the term ‘'lattice' is not
ehtirely appropriate and the relaxation process is rather different;
In order to descripe the mechanism whereby a spin system achieves
thermal equilibrium within itself and with its surroundings three
processes must be considered. These are spin-spin ¥elaxation, cross
relaxation and spin-lattice relaxation. "~ The spin-spin relaxation is
the-prccess by means of which the spin system achicves thermal equil-
ibrium within itself, cross relaxation is the attainment of equilibrium
between spins of different species, while spin-lattice relaxation
describes the way in which the spin system transfers energy to the
lattice.

The first éélculation of the spin~spin relaxation time T2 was
performed by Waller, 1932 (14) considering a simple S = % systen in
low magnetic field. For pure paramagnetic salﬁs with typical inter-

9 i
atomic spacings of a few angstroms, Tzzz 10 sec, and even in magnet-

ically dilute systems, T, is very short in_éomparison with the spin-

2

lattice relaxation time Tl' An important conclusion is that since

T2 does not involve the lattice energy, it is essentially temperature
independent.

In studyina the case of S > % or systems containing more than
one type of spin centre, cross relaxation must be considered. This

was discussed by Bloembergen et al, 1959 (15) and further by Grant,

1964 (16). when the levels of a single multi-level spin system are
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similar, but nct identical'(as depicted in Figure 1.1 where the
levels h3> and c?> are close in energy and separated from level
|a> ) the difference in frequencies (vac - vab) is very much less
than vab or vac. The spin enerqgy may then be transferred by the
transition of one, or more, excited ions (in level Ic >) to their
ground state (level ‘|a> ) with the simultaneous transition of a non-
excited ion (level | a>) to an excited state (level |b>); this
conserves the Zeeman energy, the small unbalance of enérgy being
taken up by the dipolar or internél enerqy of the spin system.

Other energy-level situations are considered by_Bloembergen
et al, wherein paifs of levels occurred Qith similar but not identical
separations as illustrated in Figure 1.2. Cross relaxation can also
be effective even when the levels b > and ¢ > are quite widely
separated (Figure 1.2b). It waé mentioned by Standley and Vaughan,
1969 (17) that Figure 1.2a is appropriate to Ni2+ in an axial crystal
field and a moderaée magnetié field and Figure 1.2b is an example |
of the Cr3+ ion in an axial field. 1In general, cross relaxatlion
can occur within the spin system A and B with a finite transition
probability with (m+ n) spins taking part, when m spins of type A

flip up say while n spins of type B f£flip down so that

) = nthv ) (1.1)

m (h Vob ac

fhe probability of this process occﬁrring is.very likely to be small
unless m and n are integers close to unity. This process has become
known as ‘'harmonic cross-relaxation'. Measurements of cross-

'rglaxation ﬁimes:T

12 (Pershan, 1960 (18), Mims and McGee, 1960 (19)),

and hérmonic cross-relaxation (Kopvillem, 1961 (20)) are in fairly
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good agreement with the theories of Bloembergen and Grant. In the

context of our studies it is concluded that the minima observed in
+

the angular plot of the spin-lattice relaxation times of Fe3 /MgO

are probably due to such effects of cross-relaxation as mentioned

_in Chapter 5.

1.3 The measurement of relaxation time

Several authors have described the methods which have been
widely used for the determination of spin-lattice relaxation. These

methods could be classified as :-

(a) Resonant methods
1. CW saturetion (Eschefelder and Weidner, 1953 (21))
2. DC magnetization (F;ng and “loembergen, 1963 (22))
3. Pulse saturdation (Davis, Strandberg and Kyhl, 1958 (23))
4. ‘Inversiqn recovery (Castle, Chester and Wagnér, 1960 (24))
5. Pulse response (Brown and Th;rp, 1967 (25))

€. AC saturation (Hexrve and Pescia, 1960 (26))

7. Ultrasonic method (Dobrov and Brewne, 1963 (27))

(b) Non-resonant methods
1. Absorption methods
2. Dispersion measurements

3. Measurcments at liquid Lelium temperature.

The experimental results of the latter methods have been summarized
and discussed by .Gorter, 1947 (28) and Cooke, 1950 (29). The concen-
trated magnetic salts usually employed in the non-resonant experiments

do not conform at all to the models used in the theoretical approaches




to épin—lattice relaxation, nor are the parameters determined
generally direcély comparable with those found by the resonance
techniques (17).

In our measurements we adopted the pulse sa£uration method
both for being a widely accepted technique for measuring spin-lattice
;elaxation times and- also for the sake of camparison with previous

results (8) that were already made with this technique.

i.3.1 The pulse saturation method

This technique has been used many times, principally by
Davis, Strandberg and Kyhl, 1958 (23), Bowers and Mims, 1959 (30),
Pace, Sampson and Thorp, 1960 (31). Recently it was used by

' ' 3+
H P Buckley, 1973 (5) for preliminary studies of T, for G4~ /CaWO

1 4’
The meihod employs two lestrons; one for monitoring the resonance
(Low power klystron) and the other for providing a saturating pulse
(high power klystron) at the same frequency. The saturating pulse
equalizes the populations of the £wo spin levels being investigated
and hence absorption of power from the monitor klystron siezes to
occur. NAfter the end of the pulse the populations of the levels
begin to revert té their thermal equilibrium values, and as this
occurs an ihcreasing amount of power is absorbed from the monitor
klystron. The receiver picks up this increasing absorption signal
'apd it is recorded as a function of time on a cathode~ray oscilloscope.
By definition, the spin levels revert to their undisturbed state in
an exponential ménner, the time constant of which is the spin lattice
relaxatibn time Tl' and it is this exponential which is recorded

on the display. Figﬁre 1.3 shows a block diagram of the circuitry

of the Q-band spectrometer used for these measurements with the
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faéilities required for the pulse saturation method. This has become
the standard technique for measuring relaxation times; it is theo-
retically possible for this method to resolvc any number of relaxa-
tion times which may Se present. This is demonstrated in our meésure"
ments of T1 tor Fe3+/MgO where two components in the recovery traces

were observed (Chapter 5).

1.3.2 Relaxation rate equations

When a épin makes a relaxation transition in one direction
or fhe other, it simultanepusly exchanges a quantum of energy with
the‘lattice thermal vibrations and; henée, it is termed 'spin—lattiée
relaxation'. A treatment to derive the relaxation rate equations
was report2d by Siegman, 1964 (32) which led to the foxm

-(w + w.,)t
bn(t) = BN + (bn_ - BN) e 1z a2 (1.2)

This says that if the population difference An is initially somehow
perturbed away from the thermal-equilibrium value AN, then the
relaxation process will act to return the system to thermal equilib-

rium with a relaxation time constant which can be written as

-1

T, = ( ) "3 the spin-lattice relaxation time. (It is some-

w 4
1 12 7 Y2
times also termed the longitudinal relaxation time 1 ). The terms
m12 and w21 are the upward and downward relaxation transition
probabilities per spin per unit time, respectively. In the case

which usually applies at microwave frequencies, the condition
- << o
(E, El) / kT << 1 (1.3)

is obéyed, where (E2 - El) is the energy difference between levels

2 and 1, then the approximation w =W

12 may be made in which case

21
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'1‘1 1/2w12 | , (1.4)

This was evaluated for a two~level spin system. Generally, in the
case of a multilevel spin system containing p levels, relaxation.
will be a complex process involving all the levels, and the general

rate eguation for the ith level will Le

)’U

d n,
i

= - [
Tt (wji nj mij ni) (1.5)

SN
n

I
S
-

. .t .
where ni is the spin population of thz i h level, and the transition
probabilities between any two levels Will be in the Boltzmann ratio

of the populations of those two levels

wij/wji = axp [(Ej —Ei)/kT] (1.6)

The relaxation behaviour of the system will be controlled by (p-1)

relaxation times T (13)

1 , where

W e w ™ (1.

Tl ij  ii

Using this relation, the rate equation for the ith level can bhe

written in the form

dn, bn ;- [tn, + ni)/ (N + N )]a N
= e - A .
at s 3 + Wij nij (1.8)
3=1 2T

J#L
vhere Ni' ni are the thermal-equilibrium population and the instan-

taneous population of level i also,

An,. = n, - n, , and
+J ] (1.9)
AN.,, = N, - N,
1} i J
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The solution of equation (1.8) for the time varying population of

level i will be the sum of exponential texrms of the form

P .
n(€) = n _ + Z c;y exp - e/, ") (1.10)
j=1
3#L
which must be evalﬁated numerically. .In experiments, the relaxation
behaviour of a pafticular level will frequently be dominated by one
of the Tl(ij)'s, having a large amplitude constant Cij' and this will

be the time constant of the observed relaxation recoverv, although

more than one exponential may be observed,

1.4 Experimental Techniques

RPegarding the ESR measurements we have used a éonventional
Q—band spectrometer with a low power reflex klystron working over
a frequency range 33.0 - 37.75 GHz, with facilities for broad-line
ESR display and pulse saturation relaxation time measurements. The
experimental arrangement of the spectrometer is shown in block
diagram form in Figure 1.3. This spectrometer was running previously
with a superhet detection system, e.g. as reporteé by Kirkby, 1967 (33).
Buckley in 1973 (5) found that, without using the superhet detection
system, the phase-sensitive detector was sufficient to proddce
'relatively noise free signals. In our present work we are adopting
Euckley's technique since it has proved its reliability. We are not
going to discuss the function of the spectrometer in detail since a
thorough.study of spectroscopic techniques at millimetric wavelengths

had been reported by'G Brown, 1967 (34) in this group.
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However; there is a specific feature for our Q-band spectro-
meter that makes it slightly different from other conventional ones.
This is that we are not using a proper caviﬁy to contain the para-
magnetic sample,' Instead, we have short-circuited the waveguide by
a brass plunger which was fitted inside the end of the waveguide
where the outside d.c. magnetic field could be applied to the samplé.
The only disadvantage in wvsing this techniqgue is the reduction of
the Q—facﬁor of the system; which was estimated by Kirkby (using a
technique describéd by Montgomery, 1948 (35)) as an unloaded Qalne
of around 400. On the other hand, tiie absence of a cavity made it
easier for the setting of the two kl?strons used during measurements
of spin-lattice relaxation time. Besides, we were able to use simpler
cryogenic facilities than would have been possible with a larger
cavity in the restricted pole-piece gap.

The low power signal source was an E.M.I. reflex klystron
type R9546, mounted in an oil-bath for good frequency stability.
Measurement of frequency was made by means of a combined transmission-
absorption wavemeter, which was also»used in relazation me%surementsv
for bringing the high powex klystron frequency into coincidence with
ﬁhe signal klystron. The high power saturating pulses were obtained
from an Elliott water-cooled klystron, type 4TFK4 working around
37.5 GHz and fed into the system by means of a manual switch. The
bridge element was a magic tee by which the microwave power entering
from arm 1 was split equally between the sample arm 3 and the matching
arm 4 that composed of an E.H. tuner and a matched load. The two
reflected waves were detected in arm 2 with a crystal detector. In
the off-resonance condition the E.H. tuner was adjusted until the
reflected power gt the érystal detector was zero. This meant that

the reflected power from the sample was balanced out by the reflected
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powei from the adjustabié E.H. tuner arm. Then, the bridge was taken
slightly off balance in amplitude only in order to observe pure
absorption signal. When resonance occurred an off-balance signal

was detected. Detection and display of the absorption spectrum wvas
carried out-in several ways depending on the type of measurements

tp be made. For video display the signal was fed through é d.c.
amplifier to an oséilloscope, using a large amplitude 5C Hz modulation
of the magnetic fiéld to sweep completely through each line. This

50 Hz modulation was achieved by placing an auxiliary modulation cocil
designed to be a push fit into the magnet bore and its magnetic

field being coaxial with that of the magnet. In the case of displaying
relaxation recovery traces, the 50 Hz modulation was switéhed off. In
plotting derivatives of the %bsorption spectrum a higher sensitivity
was found necessary and for this purpose a modulation-of high frequency
and small amplitude was used, together with phase-sensitive detection.
The system was then connected to a pen-recorder, the x-axis of which
was driven from the slow sweep of the magnetic field. The high
frequency modulation was achieved by using an oscillator at 160 kHz
and coils attached to the plunger which terminated the waveguide such
that the samples were neafl& concentric with the coils. The magnetic
fields peceésary for ESR at Q-band were found to be of the order of
1.5 tesla, with a homogeneity of better than 1 part in 105 over a
Vqlume of 1 cm3. The calibration of the field was carried out using

a combined proton-lithium magnetometer. The magnet used with this
spectrometer was a Newport type D electromagnet provided with a
current étabilizing unit and a slow sweep unit. Cryogenic facilities
wére used to enable measurements at liquid helium, liquid nitrogen

temperatures and temperatures inter-hetween.
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1.4.1 Measurement of spin-lattice relaxation time '1‘1

Applying the pulse saturation method (Davis et al, 1958 (23))
we were able to measure the spin-lattice relaxation times for both

+ + -
Gd3 /CaWoO, (Chapter 4) and Fe3 /Mg0 (Chapter 5). With this technique

4
the behavioux of the spin system was observed following the removal

of a saturation pulse of the high power klystron (20 W); changes

were monitored by observinyg the absorption of power from the low
power klystron (2Q mW). As the spins relaxed after the pulse, and

the population difference was restored tbwards thermal equilibrium,
the recovery traces could be represented by the variation in spin
populations with time which obeyed eithér equation (1.2) or equation
(1.10) , depending upon whether we are observing one or more relaxation
constants.

Experimentally, the samples were oriented and the frequencies
of the high power and monitor klystrons were brought into coincidence
using the transmission-absorption wavemeter. The spectrometeyr was
then adjusted fof balance and the magnetic field was set at the centre
of the absorption transition. Next, saturation pulses with time
duration of 30 m secand rate of repetition witnin 1-10 cycle/sec were
applied to the sample. The pulse train displayed on the oscilloscope
was of constant height, except for a slight'SO Hz ripple which was
due to the A.C. heaters. This was greatly improved by using a
separate D.C. supply for the klystron heaters. The relaxation to
equilibrium, as monitored by the low power source, was displayed on
the C,R.0., using the d.c. amplifier. We used a Polaroid camera to
record the recovery curves photographically, using a slow pulse
repetition rate. A typical photograph is shown in Figure 1.4. The
relaxation times. were derived from éhe photographs by replotting the

ordinates (which are proportional to An(t)) in semilogarithmic form,




Recovery trace photograph

AMPLITUDE

SIGNAL

1

TIME
FIG.1-4 Typical behaviour for
relaxation of a simple spin system.
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against time on a linear scale. This produced a single straight line

, + . .
in the case of Gd3 /CaWo, (Chapter 4, Figure 4.4) and more than one

4
slope in the case of Fe3+/MgO (Chapter 5, Figure 5.1). However, any
deviation from a single straight line indicates a departu;e from
simple séin lattice relaxation which is not unexpected with a multi
level spin system.

The lowest detectable time rate with our CRO was 0.1 u sec/cm.
Also, the fall time of the power pulse obtained from the klystron was
about 3 U sec. This restricted the extent to which we could measure
T, at higher temperatures.

1

. : 3+ .
Measurements of T1 in the case of Gd /CaWO4 were carried out

for the transition Nc.4 (this nomenclature wﬁs given in reference 7), -
because it appears as a large aﬁplitude signal'at higher fields with
no apparent overlap with thé other transitions. In the case of

. main

o 3+
Fe” /MgO measurements were made for the central * <~ T

™" j—

1
2

transition.
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CHAPTER 2

THE DIELECTRIC CONSTANTS OF CaWO4, Nd/CaWO4 and Gd/CaWO4

2.1 Introduction

Although two measurements of the dielectric constants of pure

calcium tungstate have been reported (1,2), the values quoted show a
considerable divergence. In the earliexr paper (1), Komandin et al, who
used an immersion method, stated that the dielectric constant was

e' = 21.4 at 25°C and 1.72 MHz for solid material, apparently in powder
form. Calcium tungstate, hcwever, crystallizes in the scheelite structure;
it belongs to the tetragonal system having}1=1>= 5.243 & and ¢ = 11.376 R
(3); more details of the structure are given in the raxt chapter,

section 3.1. Consequently, two components are necessary to describe the
dielectric tensor. In the later paper, Brower and Fang (2) gave results
for measurements on oriented pure single crystal slices. They fouﬁd
that the dielectric constant was aniéoiropic, that the dielectric con-
_stans parallel to tﬁé a-axis and c-axis were 11.7 and 9.5, respectively,
at 24.5°C, and that these values were the same fcr frequencies of 1.59 KHz
and 1 MHz. The measurements reported here were made primarily to clarify
the situation in pure calcium tungstate and also to obtain data on some
neodymium- and gadolinium-doped calcium tungsﬁate single crystals in

order to assist optimization of the matching conditioné during electron
spin resonance and relaxation studies in them; to our knowledge no previcus

measurements on doped calcium tungstate have been published.

2,2 Experimental

The single crystals used, (obtained from I.R.D. Co. Ltd.,

Newcastle), were grown by the Czochralski method (4). 1In the pure and
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gadolinium—-doped crystals, charge compensation was achieved by vacancy
incorporation, and in the neodymium-doped crystals by sodium addition.

The single crystal boules, whose diménsions were typically 5 cm long and
1.5 cm diameter, were first ofiégped by Lane back-reflection X-ray methods
which gave orientation accuracies of *15' of arc. Specimens of known
orientation were then.pkepared by making appropriate slices with a diamond
wheel cutting machine and precision polishing their faces with diamond

paste to a 0.25 pm finish. The larger faces of the specimens were

limited by tl.e boule dimensions to about I cm x 1 cm in area and were cut

in the plane of either the a- or c-axis (see Figure 2.1). The.specimen
thickness, usually 0.3 mm, represented thz minimum which could readily be
achieved without fracturing the slice during fabrication. Circular gold
electrodes were deposited by evaporation vun the larger polished faces to
ensure good electrical contact 6ver a defined area between the crystal
and the electrodes oﬁ the dielectric testing jig.

The measurements were made in air.at room temperature over the
frequency range 1 to 40 MHz using a standard Q-meter (Marconi TF 1245)
and the oscillator (Marconi TF 1246). Measurements wexre then extended to
80 MHz using an oscillator (MarconilTF 1247) whose operating range ex£ended
from 20 té 300 MHz. The dielectric testing jig (Marconi. TJ 155C/1) was
modified to allow the use of 10 or 6 ﬁm diameter circular jig electrodes
as specimen dimensions were limited by the size of the single crystals
available. In this technique, measuréments were made firstly with the
specimen mounted in the jig and second;y, at the same jig electrode
spacing, without the specimen. The difference in capacity enabled the
real part of the dielectric'constant, ;', to be derived; in a similar
manner the difference in Q-value with and without the specimen allowed

the dielectric loss, tan &, to be evaluated.




c <—— Micrometer

¢
a @ S
Evaporated Movable jig
a Gold <+ electrode
Electrodes <—Specimen
b | <— Fixed jig

. % | “electrode

- S

FIG. 21 General form of specimens
and dielectric testing jig. |
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2.3 Derivation of €' and tan &

When using the Q-meter with ox without the specimen we actually

observe the resonance condition,

~

1

w S/-LF (2.1)
where w is the operating frequency, L and C are the total inductance and
total capacitance of the cirxcuit, fespectivelyg So, maintaining w and L
constant whether the sample is in or out of the testing jig, we can equate
C in both cases to a value which we will denote as CT. The total cap-
acitance CT is the sum of the air gap capapitance Co when the sample is
out,with the spacing of the jig electrodes exractly as the thickness of thé
sample, the Q-meter capacitance in this case, Cl, the holder capacitance
CH' the leacs ceapacitance CL and the internal capacitance of the equip-

ment Ci' Thus at resonance, without the sample,

cC = ¢C +c'+'c"+c +Cj (2.2)

'In the case when the sample is in'the testing jiy, we refer to the sample

capacitance by Cx. Thus, at resonance with thz sample in ,

c,=cC + C, + C + C  + C, (2.3)

Cc - C = C - C (2.4)

Neglecting the edge effects, it can be shown that the capacitance CX of
a parallel plate capacitor with a relative permittivity (dielectric

constant) €' is expressed as
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= v C
CX ) € (o]
{2.5)
A
¢ - Ga a

where A is the area of the electrodes in square metres, 4 the thickness

~of the sample in metres and Eo is called the permittivity of free space

having a value of 8.854 PF m—1 ; this yields the value of the capac-
itance in pico. Farad.

Therefore, from (2.4) and (2.5) we get

1 2 o o
= Co (et - 1)
or C. - C2
1 = P S .
€ = T + 1 ) (2.6)
: o

Also, the numerical value of the loss, tan § , can be evaluated from

‘the expression (5)

tan § = . (2.7)

in which C, and C_ are the capacitances indicated by the Q-meter at

1 2

rescnance with the specimen out of and in the testing jig, respectively,
and Q1 and Q2 arelthe corresponding Q-values.

In the present experiments, however, the specimens were, for
convenience, cut in the form of squares.and so some crystal protruded
beyoﬁd the circular jig electrodes. Consequently, a correction for edge
effects was necesséfy. Various formulae have been given previously (6),

and following similar methods, equation (2.6) can he modified to




- 20 -

+ 1 (2.8)

where Ce is the edge correction for the capacitance given by

C=-1'—1@-[ﬂn§119——3] (2.9)
e a8 ¥el

forAthe experimental conditions used in which, for any electrode diameter
D employed, £he,£hickness of each evaporated gold electrode was very small
compared with d, the specimen thickness. These equations were uced in
deriving the numerical data presented; it was found that the correction
term amounted to about 8%. -The edge effect correction for tandé was

negligible.

2.4 Results

The dielectric constaﬁt data obtained at 1 MHz are summarizeéd
in Table 2.1 in which the values given under 'present wcrk' reprosent
averages for several measurements on each individual specimen. For the
éure material at 1 MHz we find that parallel t; the a-axis, eéf=1113:t0.4
and that parallel to the c-axis, Eé = 9,1+0.4. In the doped crystals,
the values of s; and eé at 1 MHz were the same within experimental error,
as those for pure calcium tungstate.

The variation of the dielectric constan£s at frequencies above
1 MHz is shown in Figure 2.2. A very slight increase in both s; and eé
was observed above about 20 MHz to 40 MHz, but the anisotropy of the
dielectric constant, as measured by the ratio eé/eé remained unaltered.
There was no significant difference between the behaviour of the pure
calcium tungstate crystals and the neodymium- or gadolinium-doped specimens.

With regard to the dielectric'loss, tan 6, for pure calcium

tungstate increased slowly fram 0.005 at 1 MHz to about 0.01 at 40 MHz.
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- In contrast to the anisotropy of the dielectric constant, the losses
measured parallel to the a- and c-axes were the same. wWith hoth
neodymium—- and gadolinium-doped crysfals, similar increases in loss at
the higher frequencies were observed (Figures 2.3 aqd 2.4). The measure-
ments on the doped crystals also showed that, above about 20 MHz, the
dielectric loss was lafger the higher the dopant concentration. With
neodymium doping the effect was quite marked; the true neodymium ccn-—
centrations in these specimens were determined by opticai spectrograpﬁic
.analysis (The Chemical Inspectorate) and, as Figure Z.3 shows, the loss
at 40 MHz increased from 4.5 x 10_3 to 7.2 x 10-3 as the concentration
rose frxom C.05% Hd t§ 0.1% Nad. In the gadglinium—doped specimens, the
effect was not so marked, probably because the true gadolinium concentra-
tions were all very low, '950 p.p.w., and the differences between the
specimens wexre not so'pronounced.. (The analyses were made by emission
spectro-chemistry by the Analytical Services Laboratory, Imperial College).
It was also found, as with the pure materiél, that in all the doped
specimens examined, the dielectric loss parallel to the a-axis was the
same as that measured parallel to the c-axis.

Measurements of the dielectric loss, tan éd , were extended to
80 MHz_fof thg neodymium-doped samples with concentrations of 0.05% and
0.1% Nd, Figure 2.5. The increase of tan§ with frequency continued

showing that tan§ at 80 MHz had increased about five times that at 40 MHz.

2.5 Discussion
Considering first the pure calcium tungstate single crystals,

the measured values of e; and ¢!
. . C

-

at 1 MHz (11.3 * 0.4 and 9.1 + 0.4
respectively)agree very closely with those given by Brower and Fang both

as regards the numerical values and in that e;>~e'. The measurements
c
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reported here were made on vacancy compensated crystals, whereas those
of Brower and Fang were made on sodium compensated crystals, so it
appears that the dielectric ccnstants are not very sensitive to dif—
ferences in arowth methods. The present work shows fﬁrther that there
is little increase in either E; ur eé over the frequency range 1 to 40 MHz.

With regard to the dielectric constants of the doped single
crystals, the results showed that aoping with neodymium or gadolinium
did not produce a measureable change in either eé or eé ; this conclusion
was not unexpected as both the neodymium and gadelinium concentrations
were low and electron spin resonance data feported by Brown et al, 1974
(7) and by Thorp et él, 1974 (8), had previously confimmed that the rare
earth ions entered the tungstate lattice substitutionally and occupied
calciumn sites.

The dielectric loss daté, on the other hand, established that
in the neodymium caléium tungstate, the high frequency values of tan §
were concentration dgpendent. This éffect may be associated with Debye
- relaxation of the neodymium ion, although this has not yet been proved.
Experimentally, thevloss measurement ié a more sensitive detector éf
small composition changes than the dielectric constant measurement; ﬁhis
might be useful in an analytical context where the application of con-

ventional methods, particularly for gadolinium, is difficult.
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CHAPTER 3

* SITE OCCUPATION BY GADOLINIUM IN CALCIUM TUNGSTATE

3.1 The Crystal Structure

Calcium tungstate, 'scheelite', crvstallizes in the tetragonal

system (1) and has a space group C (I41/a) with four molecules to

_ 4h
the unit cell (2).- The lattice parameters are a = b = 5.243 R and,

c = 11.376 2. Figure 3.1 shows the unit cell with the oxygen atoms
omitted for clarity. The unit cell may be devided into four horizontal
(001) layers of equal stacking density. Arbel and Stokes (3) reported
that cleavage and- slip occur parallei to these layers in CaWO4. E;ch
calcium atom is surrounded by eight oxygen atoms at an average distance
of 2.46 R in the shape of a'distorted cube. The four celcium sites

are equivalent in pairs, one pair being derived from the other by body
centering about a caicium site as revlected in the (001) plane. This
is shown in the projection of the eight oXygen atoms on the (001) plane
through the calcium atom for the two sites, Figure 3.2. The tungsten
atcem is surrounded by four oxygen atoms in the same WO

4
perfecr
rogular tetrahedral (4) with bonding distance 1.784 g. The site symmetryv

group as nearly

of both the Ca and ¥ atomes in CaWO4 is 84. The distorted cube of oxyagen

: . 2+ . . : o 4. 5,0
atoms surrounding the Ca” site is twisted at an angle of about 9 % 2

from the unit cell a-axes in the (001) plane. These surrounding oxygens
‘provide. the framework of the crystal field symmetry at the Ca2+ site,
tﬁe direction of which was first detexmined by Hempstead and B&wers (2)
and was confirmed recently by Buckley (5). This property was used to
identify the sense of the‘+ 2 axis in G4/CaW0, crystals for alignment

4

in ultrasonic experiments made by Farley (6).




. azb=5-243A
X c=11-376A"

FIG.3-1 The unit cell of CaWQ,

(Scheelite ) with the oxygen atoms

i ~ omitted for clarity.
(O Ccalcium’' atom

x Tungsten atom




FIG.32 A projection of the eight

) neighbouring oxygen atoms on  the (001)

plane through the calcium atom for
the two sites which are related to
each other by reflection in the plane

of the paper.

& Calcium atom

&) Oxygen atom above the plane of the

| paper

(O Oxygen atom below the plane of the
paper
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3.2 Crystal Growth

Single crystal boules of CaWO4 doped with Gd were grown by thg
Czochralski téchnique (7) by I.R.D. Ltd., Newcastle upon Tyne, with
the c-direction along the growth axis. Tt had been repourted by Nassau
and Broyer .(8) that the melting point was about: 16OOOC ard this tem-—
perature was used for growth. Gadolinium was added in the form of the
oxide Gq203 to thevpowdered calcium tungstate. In pulling from the
melt, trivalent rére earths can be incorporated without the presence
of a univalent ion by vacancy combensation. As a rare earth ion,
gadolinium substitutes at the calcium sites (8) giving rise to one
calcium vacancy for each pair of gadolinium ions to maintain local
chafge neutrality. Alternatively Na+ or Y3+ might have been used fox
charge compensation, as well.as other monovalent and tiivalent ions;
these two icns are especiélly convenient since they are not paramagnetic,
are very close to the right size (Ca2+ radius is 0.99 g, Na+ is 0.94 g
and Y3+ is 0.92 g); and have suitably low volatilities. However, all
the specimens used here were vacancy compensated. The nominal doping
levels used were 0.005, 0.01 and 0.05 atomié per cent, although
independent analysis (by the Analytical Services Laboratory, Imperial
College) showed that the ectual levels were all less than about 100
p.p.m. This concentration level is well below £hat at which substitu-
tion at W sites has been reported by Kedzie and Kestigian (9). The
'vgry compact nature of the structure of Cawo4 makes the interstitial
sites very unlikely. Thus, in the material examined the strongest
probability is that the gadolinium would have entered the lattice

substitutiocnally-‘at calcium sites.

4 N .
3.3 . The Energy Levels of Gd3 in CaWO4

The trivalent gadolinium ion has seven unpaired electrons in
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the'4f unfilled shell which make it half-filled and give xise to a

7.8
ground state (4f ) S In a host lattice the gadolinium ions will

12
be subjected to a crystal field whose symmetry and~order of magnitude‘
depends largely on the surrounéihg environment. As an S-state ion
gadolinium- should exhibit no first order crystal field splitting'a
feature discussed by Bleaney and Stevens (10). However, the ESE
experiments have shown that small splittings do exist. The magnitudes
of the initial splittings of Gd3+ ions in crystals of the scheelité
series were reported by Vinokurov-et al (11). They gave crystal field
splitting constants b‘z’ for Gd/CaWo, at 77 K and 290 K us 916.7 x 10°
and 892.4 x 10—4 ém—l respectively. This is in exact agreement with
o

the value of b2 at 77 K given by Hempstead and Bowers. It was also

\ o .
shown that all the b, values decrease on passing from CaWO4 to

in the scheelite series. This is because of the regular

BaM90 4

increase in the unit cell censtants (a and c¢) with increase in the
ionic radius of thé corresponding cation. Consequently, the Gd-0
distance in GdO8 complex will increase in an unchanged local field
symmetxy which leads to a fall in the strength of the electric field
and thus amounts to a decrease in the bi constants (11,12).

Van Vleck and Penney in 1934 (13) found that for an S-state
ion to exhibit splitting of the energy levels, it is necessary to go
to a high order perturbation of the crystal field applied to direct
'spin-orbit interactions. But, Abragam and Pryce in 1951 (14) concluded
that these splittings were in fact too big to be explgined hy the
above process. They suggested instead that they are due to a spin-
spin intéractiod'which also couples orbits with spins, since it
dépends on position Qariables. Theii idea was that in the crystal

field,. even though the ion is in an S-state, there will be some

4 -
cm

1
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disiortion of the orbits. This is supposing that instead of the charge
cloud being a perfect sphere it is slightly ellipsoidal. Then the
dipole-dipole energy of the spins varies with their orientation with
respect to the axes of the ellipsoid, and thus the eigenvalues depend
on the spin orientation. They were able to put forward convincing
arguments that this is indeed the correct mechanism. So, in the
tetragonal field of calcium tungstate the J = 7/5 state splits into
four Kramers' doublets and paramagnetic resonance then-occurs betwéen
the Zeceman levels of theée four déublets. The energy level diagram
for Gd3+ in calcium tungstate at Q-band was drawn by Buckley (5)
using straight line extrapolation from fhat predicted by Harvey and:
Kiefte in 1971 (15) at X-band frequencies. A convincing fit in
Buckley's ESE results and several others, especially those of Derncv-
Pegarev et al (16) for Gd/CaMoO;, was attained., The ESR spectrum of
only seven lines for M = 1 transitions, which was observed by Thorp
et al (1974) in théir study of dipolar bfoadening mechanism in

3

+ <3+ . 24
G4a /CaWO4, gives a further evidence for Gd substitution at Ca

sites in a tetragonal symmetry (17).

3.4 The Spin-Hamiltonian

A spin Hamiltonian containing relatively few terms will give
a complete description of the experimental data when given the right
size of the coefficients of these terms together with the directions
of.the appropriate axes relative to the crystal axes where anisotropy
is presént. The most general form of the spin Hamiltonian contains
terms reprcsenting the Zeeman interaction of the magnetic electrons
with an external field, 1level splittings due to indirect effects of

the crystal field; usually referred to as 'fine structure', hyperfine
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structure due to the presence of nuclear magnetic dipoles, quadrupole
moments in the central ion or in the ligand ions, and the Zeeman inter-—
action of the nuclear moments with the external field. In general,

the spin Hamiltonian can be represented by

H = gBH.S-kD[Sz— s(s-rl)] + E mz-s% X (3.1)
. A X b'e '

The first term gives the interaction with the applied magnatic field
and the other two terms arise from crystal field effects. Further
terms must be -added if the ion possesses a resultant nuclear magnetic
moment.

Knowing the structuvre of CaWO4 crystal and the symmetries of the
CaO_, Bempstead (2), Vinokurpv (11) and Rurkin (12) published the

8

spin Hamiltonian for Gd/CaWO4 as

1

H= g,BH S +g,B(H S -FHJ s ) + §-b2 02
1 c 4 4 1 o o 4 4 (3.2)
+gg by 0p + by 00 + o G Pg 0 ¥ g 0 )+

where z is in the c-axis of the crystal and S = 7/2. To simplify this

expression the constants were re-written as

b2 / Bz = 3
o) o 4 4 4 4
b4 / 34 = b4 / 54 = b6 / B6 = 60 (3.3)
le) (o)
,b6 / B6 = 1260

and then, the spin Hamiltonian reduced to
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+ H S)
Y Y

(3

H = g,BH S +g B (H S

o 0O o o 4 4 o .0 4 4
+ B2 02 + B4 04 + B 04 + B6 06 + BG 06 (3.4)

m . . .
where each-On is an operator function having the same transformation
. . . . Ym
properties as the corresponding spherical harmonic n' and the
< s In . .
cozfficients Bn are parameters to be determined by the experiment.

0 (o) 4 o 4

ot b4 R b4 : b and b_ can effectively-be

The parameters g, , 9, : b 6’ 6

determined from the measurements of the gadolinium transitions with
the magnetic field H parallel to the c-axis of the crystal (i.e.
0= Oo) and with H perpendicular to the c-axis (i.e. 6 = 900). It
. . . 3+ 2+
is noticed that for Gd , as well as for Mn (2) the arrangement of
. . . 2+
the eight oxygen atoms surrounding the dopant jion, (or the Ca sites),

gives bj = 10 b: vhich differs from that of a cubic environment

where normally bi =5 bz . This conclusion is in agreement with
Wyckoff's discussion of the crystal structure referred to in

Section 3.1.

3.5 Experimental obkservations of ESR spectra of gadolinium in

" calcium tungstate

When discussing the érystal structure of Cawo4 in Section 3.1,

. ‘ . s 5 2+ .
it was shcwn that all four possible positions of the Ca in the unit

.cell possess a local crystal field symmetry of §, and are magnetically

4

equivalent. This leads to the same single spectrum for each para-

magnetic ion introduced into the host lattice. The ESR spectrum of
8 - » |
Gd7/° in CaWO4 single crystals was reported by Hempstead and Bowers (2)

as consisting of seven widely spaced strong lines due to &M = 1 and

a number of weaker transitions corresponding to AM = 2, (such
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transitions are to be expected as b, is so large as to be comparable

o
2
with gBH). They also observed that other weak lines flanked the strong

155
ones which represent the hfs due to the odd GA isotopes (G4 14.7%

abundance; Gd157 15.7%). Both isotopes have nuclear spin I = 3/2 and
eacﬂ hfs component has only about 5% of thc intensity of the main line.
Here, we will regard the AM = *1 transitions due to the even isotopes
as "clean" lines. .A clean line is defined as one characteristic of
tetragonal symmetfy, appearing as a symmetrical, well-lhalanced sigrial
on a derivative output. Such a spectrum is obtained with the 0.005%

Gd sample, and one of the transitions, observed with the magnetic field
H parallel to the crystallographic a-axis in the (001) plane (i.e.

with 0 =90%and & = Oo), is reproduced in Figure 3.3. The line is
"clean" and the transition remains single at room tempsrature, 77 K
and 4.2 K. This form of iineshape is also observed for all the Gd
transitions over a wide range of angles ¢ except near ¢ = 55°,  Near
this angle some distortion in line shape' is observed. This distortion
becomes more pronounced as we lower the temperature of the sample where
the distortion seems to be "splitting" in each transition. These
effects are illustrated by the spectra shown in Figures 3.4, 3.5 and
3.6. The splitting effect was first observed in the first quadrant'
(i.e. in tﬁe ¢-plane with 0 < ¢ <.90°, and + z axis is upwards per-

pendicular to the plane of observation); measurements were extended

'to the other guadrants and it was found that the splittings are very

much more pronounced in the first and third quadrants than in the
second and fourth. With the higher concentration sample (0.05% Gd)
the splitting was observed over a much wider range of angles ¢, as

was reported by Buckley (5). This is shown in Figure 3.7.



(a) § =0°, TEMP = 77K

(b) &=0% TEMP =4-2K

FIG.3-3 A "clean” single transition.
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3.6 Comparison with the previous ESR data

The aim of this chapter, as was mentioned earlier in
Chapter 1, is £o investigate the.cause and nature of the splitting
in the Gd main transitions observed by Buckley (5) and confirmed by
our results. That is one of the reasons vhy we used the same samples
of reference (5) in our studies. It is interesting to show that the
shapes of the derivatives presented here as Figures 4 - 7 are due to
genuine effec;s and they are not, for example, due to lack in balancing
the spectrometer. This‘could be shéwn by comparison with Figure 3.8
which shows the derivative of the ESR curve of about 1018 resonant
centres produced by 0069 gamma irradiation of glycylglyvcine reported
by Randolph in 1960 (18). However,_it could not be a matter of
unbalance in the signal for Figﬁre 3.3 shows that a quite good halance
could be attainad in any case. Several workers have studied the ESR
'spectra of the rare eartﬁ ions in the Scheelite series and we.could
find the following features in their investigations as described in

the next section.

3.6.1 'Anomalous' transitions of trivalent rare earth icns in

scheelites

By 'anomalous' transitions we mean any transition other than

' the normal electronic transitions for which AM = *1 in the ESR spectra
of rare earth ions in scheelites having an undistorted tetragonal
symmetry. Four kinds of anomalies .could be established from the
previous published work.

(a) Transitions due to the various compensation mechanisms for the
excess charge, which arises from doping thé host scheelites with

trivalent rare earth ions, to achieve chaige neutrality. The published
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ESR da£a indicated the presence of centres of lower symmetry in addition
to tetragonal centres.. Three nontetragenal centres in the Er3+ doped
samples and two such.centres in the'Tb3+ doped crystals were reported by'
" Abdulsabirov et al in 1972 (19). These authors concluded that all the
published information on the nontetragonal Ce3+ by Mims-Gillen (20),
Volterra-Bronstein-Rockni (21), Nd3+-by Garrett-Merritt (22),(21), and
Yb3+ by Ranon-Volterra (23) and their data on the nontetragonal Tb3+
centres in CaWO4 can all be interpreted on the assumption that the com-
"pensating defects are located in ané of three positions denoted by I,

ITI, III in the crystal, Figure 3.9. Thg 'strongest' nontatragonal centres
are formed when a cdmpensating defect, an.Na+ ion or a Ca2+ vacancy for
crystéls grown with and without sodium compensation respectively is
located at the Ca2+ site nearest to the trivalent ion (position I in
Figure 3.S). We also.noticé that these additional nontetragonal centres
have different farameters and o-values, in other words, they would appear
in the ESR spectra a£ different field positions from those of the normai
tetragonal transitions.

(b) As Kedzie and Kestigian reported (9), substitution would occur at
W6+ sites as well as Ca2+ sites with and without adding Na+ ions for
charge compensation. A spectrum of five main lines (plus smaller lines

3

' +
due to hyperfine structure) was observed for Nd~ /CaWO, crystals. The

4
central line of the five transitions was the most intense and was attri-
bufed to Nd3+ in the Ca site, while the four remaining lines were thought
to be due to Nd3+ iong in a W site. Although Garrett and Merritt (22)
and Ranon and Volterra (23) found that the chemircal evidence argues
strongly fér the substitution of Nd3+ in Ca sites, we still regard sub-

stitution of rare earth jons in W sites as a source for anomalous tran-

sitions.. In fact, substitution in W sites, whenever it occurs, will give
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{

a distinguishable ESR spectra from that due to ions substituting in Ca

sites because of the different environment for cach site.

(c) A third kind of transition could be observed as weaker transitions

corresponding to AM = £ 2 (known as forbidden transitions). These lines

(o]

are to be expecied whenever b2

is so large as to be comparable with gfii,

as reported by Hempstead and Bowers in 1960 for Gd3T in CaWO, crystals (2).

4
(d) Hyperfine transitions, due to the odd isotopes, if present, having
a net nuclear spin I, give a hfs of low intensity compared to the main
transitions. Examples of these effects could be demonstrated by the

3+
spectra of G4~ /CaWO

4 4 4

(2), Nd3+/Cawo' (9,22) and Yb3+/CaW0 (23).

From the above classification we see that none of the four menticned
causes can be the reason for the splitting reported here in our results;
Section‘3.5. This, therefore, must be classiried as a separate kind of
anomaly. The only previoﬁs work in which a fairly close simiiérity of
behaviour existed was thar of Forrester and Bempstead (24) who observed

3+
unresolved doublets in the ESR spectra of Th™ /CaWO, single crystals,

4
and suggested that this might be due to non-equivalence of the Ca2+ sites.
Their observations, as far as splitting is concerned, are as follows.

As they increased the angle 8 between the applied magnetic field and the
c-axis of the crystal the lines were broadened. At K band -(23 GHz) and

a temperature of 4.2 K, the linewidth increased from 1.4 gauss when 0 = Oo,
to about 15 gauss when 0 = 600. The line shape.was distorted as 6 was
further increased, the peaks became somewhat flattened and at angles
greater than about 70° the lines became partially resolved into doublgts.
The highest field transition was better resolved than the lowest field

line. -And, finally, they interpreted this behaviour as indicating

that the two types of Ca site are not completely equivalent.
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3.7 Interpretation of present results

We attempted to:resolve our derivative cutves into separate
absorption peaks in order to get mgre information about the 'extra com-'
ponent'. This was done by integrating _fy dx, where y is the ordinate
of the derivative curve and dx is a small, arbitrary, increment of mag-
netic field. The results depicted in Figures 3.10 and 3.11 show the
calculated absorption curves for the derivatives in Figures 3.6 and 3.5,
respectively. It is unfortunate that we could not get significant
information about thesepagation of tﬁe absorption peaks or their inten-
sities for they are, in most cases, un;esolved. However, from our experi-
mental data we have two importaht featurés which might serve as clues

to a correct interpretation. .

i) The occurrence of splitting at specific angles in the ¢-plane;
this should draw the attention to the unit cell structure to inspect the

crystal at these angles.

(ii) The relative increase in the signal of the ‘extra component'
compared with the main transition as we reduce the temperature from 290 K
to 4.2 K, which indicates that the dependence on temperature for the two

components is not exactly similar.

Thus, to solve this problem two possibilities arise:-

(a) We suggest that some of the Gd3+ ions may have slightly defected
sites which would not disturb the crystal field symmetry radically in -
their vicinity, but cause the transitions to shift slightly_on the field
axis. If we examine the unit cell of CaWO4 we see in the (001) plane;
(6 plane), Figure 3.12 as reported by Farley, Saunders and Chung (25),

o
that the nearest neighbours to a Ca site at an angle ¢ about 50 are
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oxygen ions. Knowing that the cxygen ions provide the framework of the
crystal field symmetry at the Ca site we should expect some change in
crystal field due to oxygen vacancies. In cffect, we propese an ordered’
oxygen vacancy model. By this model we can also understand the behaviour
of the "extra component" with temperature. 2As we ieduce the temperature
the possibility for these oxygen vacancies to settle in an_ordered form
increases and this leads to a corresponding increase in the signal from
the Gd3+ ions in defected sites. This may explain the relative increase

in the signal of the "extra component" us the temperature decreases.

(b) Another possibility lies in the interpretation of Forrester and

r Which is mentioned above

. 3+,
Eempstead (24) of their results on Tb in CaWO4

in Section 3.6.1. Consequently, ve may conclude that the distortion of -
3+ : o ' N
the Gd in CaWO4 which we are reporting is probably an indication that

the two types of Ca sites are not completely equivalent.

In fact,we favour very much the [irst suggestion which needs
still more experimenial work to test its validity. The second probability,
however, could be excluded because it is a very well established fact that
the four possible positions of Ca sites in the unit cell of CaWO4 when
substituted by paramagnetic ions, lead to identical paramaonetic resonance
as was first indicated by Hempstead and Bowers (2) and confirmed by all
other workers in their studies on scheelites.

3.7.1 Heat-treatments of Gd/CaW0, samples in oxygen ambient

4

and their interpretation

We found it necessary to heat treat our samples in oxygen atmos-
phere in order to establish the ordered-oxygen vacancy model. Our aim was

to see whether it is possible to fill the proposed vacancies with oxygen
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from outside the crystal, in which case we would expect the observed
distortion to venish, or at least to reduce. The furnace used in these
heat treatments was bhuilt by W. Hutton and couid reach a maximum tem-
perature of about 1éOOOC. Tne 0.005% Gd sample was put to this test,
firstly for | hour at IOOOOC, secondly for 40 hours at 1000°C,and thirdly
for 40 hours at 12000C. The results of these heat treatment experiments
were as follows. After the First experiment there was no change in the
ESR behavioﬁr of the sample. The change came after the secpnd experiment
and distortion of tﬁe line shape was observed at all angles ¢ , (it was
originally limited to angles ¢ near 550). No furthér change was observed
after the third heat trestment of the sémple.

Our interpretation of these results is that the= extended heat
treatmznts at IOOOOC and 12000C failed to reduce the nuwmber of oxygen
vacancies, and that the consequence was simply a more random distribution
of these vécancies. .This manifested itself in the persistent appearance
of splitting, but now at all field orientations. It wac decided not to
atteinpt higher: heat treatment temperatures, because of the possible changes
in the single crystal structure which could have attended such treatments,
as repofted by iassau and Broyer (8).

The suggestion of two sites for Gd3+ in calcium tungstate is, in
fact, supported by some other experimental observations. The relevant
evidence comes from measurements of spin-lattice relaxation time of the

same samples under investigation, and is summarised as follows.

. . , 3+
(i) The measurements of spin-lattice relaxation for G4 in CaWO4

reported by Thorp, Buckley and Brown (26) showed the dependence of T1

on temperature over the range from 1;5 X to 8 K for the 0.01% Gd sample

at ¢ = 10°. This was illustrated by two lines of slopes 1.0, 0.9
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indicative of direct process of relaxation in this region. These two
lines were attributed to the two components of Gd transition which was

split and their separation was about 2 mT at that angle.

(ii) Our investigation of T, in the temperature range 4.2 K to 30 K
IS

+ ' . -
for Gd3 /CaWo, reported in Chapter 4 leads to a T 3 Raman-type of relaxa-

4

tion. This suggests the existence of a substantial number of defects

which may lead to defected Gd sites, although the exact nature of these
g

defects is not yet fully resolved.
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CHAPTER 4

SPIN-LATTICE RELAXATION IN GADOLINIUM-DOPED CALCIUM TUNGSTATE

4.1 .Theories of spin-lattice relaxation

Before the diécovery of magnetic rescnance (by E. Zavoisky in 1944),
Waller in 1932 (1), by measuring susceptibility at low frequency, suggested
that the spin and orbital angular momenta of a paramagnetic ion were com-
pletely decoupled, and that the spin was influenced by the lattice vibra-
tions (phonons) only by their modulation of the dipolar coupling. That
is to say, the local magnetic field, which exists at one ion because of
the magnetic dipole on a neighbouring ion,.fluctuates due to fluctuations
of the distance between the two ions undér the action of the lattice v;bra—
tions. The resulting relaxation time was too long to explain the experi-~
mental results of the L&iden grdup; Gorter 1936 (2), or the more recent
ESR studies. MHowever, Wallexr's postulates were the first advances in
this field; he distinguished spin~spin from spin-lattice relaxation,
recognized the principal types of transition processes concerned in the
iatter (now known as direct and Raman processes) and set up the quantum
mechanical framewo;k for the calculation of their probabilities.

Kronig (3) and Van Vleck (4,5) independently suggested that there
is no direct interaction between the phénon vibrations of a crystal lattice
and the paramagnetic energy levels of an atomic spin in the lattice. Their
mechanism is that when the lattice vibrates the orbital motion undergoes
periodic changes due to vibrations in the crystalline electric fields.
These-changes react on the spins through the spin-orbit interaction, and
thereby alter their orientation in the external magnetic field. The spin
levels are thus. indirectly copnected to the lattice vibrations, and guanta
of energy can be exchanged between the two. The agreement with the experi—

mental data then in existence, (Gorter and his co--workers), was disappointing,
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especially in that tﬁe observed dependence on the temperature and on the
streng£h of the applied magnetic fiéld was not as éredicted. Also,
according to Kronig and Van Vleck, the spin-lattice relaxation time of a'
spin should be independent of the spin-density, since the process involves
only the individual spin and the snrrounding lattice, and not any other
spins which may be present. Consequently, it is concluded:-that the Kronig-
Van Vleck theory seems to be valid only at.very low spin concentrations,
much smaller than those generally used in practical maser crystals,

Paxman (6) and Zverev (7).

According to the detailed theory. worked out by Kronig and Van Vleck
there should be two contributions to the.relaxation rate. The first is
from a"direct process" 4in which the spin relaxes in either direction, by
emitting or absorbing a single phonon at the spin transition freguency.

The second contribution is from an "indirect" or "Raman" process in which
a ﬁuch higher frequency iattice—phonon is scattered by a spiu and, thus,
changing its frequency be enough to absorb the relaxation energy from the
spin. The direct process should predominate at liquid helium'temperatures,
and somewhere above these temperatures the Raman mechanism should become
significant. One of the aims of this chapter is to investigate these
features in Gd3+/CaWO4.

Another important theory involving two-phonon process Was
suggested by Orbach (8) and verified experimentally by Finn, Orbach and
Wolf in 1961 (9) and by Manenkov and Prokhorov in 1962 (10). The theo- -
retical treatment is appropriate to rare earth ions and leads to predictions
which agree both with the experimentally observed temperature dependence
and with the magnitude of the relaxé£ion time. The dominant'rela$ation
process.is one in which a phonon of high energy ( >> kT) is absorbed by

the spin system resulting in a transition from one of the ground state
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doublet levels to the nearest excited level. Then, in a separate step,
anothef high energy phonon is emitted and a transition is eﬁfected to the
other level of the ground state douﬁlet. The net result of this "two-
step direct process'.l is the relaxation of the ground state doublet levels
which brings £he spin system towards thermal equilibrium. Some reasons
for the success in the-application of Crbach's theory to the rare-earth
iors are given by Huang (11); the situation is unlike that applicablg

to ions of the iron group where the Kronig-Van Vleck treatment is much
more valid. In the rare earths, the spin-orbit coupling is in general
strong compared with crystal field effeCtg, an effect which is due to
the "screening" of the paramagnetic electrons in the embedded 4f unfilled
shell. Thus the states of an ion are prim%rily of the type J = L + §,
and, therefore, contain non-zero COMDONEn s of orbital angular momentun.
Through the orbital éhgular momentum direct interaction between the
magnetic states and the lattice vibrations is possible by means of orbit-
‘lattice interactions. The magnetic spin is thus relatively strongly
coupled to the lattice. For this reason spin-lattice relaxation times
are generally very short (Tlrw 10—12 sec at normal temperatures) and low
temperatures (~ 20 K) are often necessary to eliminate spin-lattice
relaxatioﬁ broadening of paramagnetic resonance absorptions.

The S-state ions such as Gd3+,-Eu2+, Fe3+ and Mn2+ must be excepted
from the foregoing discussion since their almost total lack of orbital
momentum ensures that they are little affected by crystal fields. The
spin-degenerate ground state of the free ion becomes in the crystal a
group of closely spaced levels whose splitting rarely exceeds 1 cm._1
and the levels immediately Higher, whose energies are likely to be greater

-1
by at least 104 cm , are derived from states different in orbital and
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spin degeneracy. 1In crystals, owing to the combined effects of the
crjstal field, spin-orbit and spin-spin couplings within the ion, the
lowest spin multiplet is admixea with higher states having orbital
momentum and different spin multiplicity, and thus becomes sensitive
+o lattice strain. The resulting relaxation has been considered by
Blume and Orbach_ih 1962 (12,13) and Leushin in 1963 (14). The
relaxation, instead of being entirelv within the lowest Kramer's
doublet, as might have been the case if the splittiné vere greater,
is now dcminated by transitions between doublets. A comprehensive
survey of the theories of spin-lattice relaxation is now available
in some texts byAAbragam and Bleaney, 1970 (15), Poole and Farach,
1971 (16), and Standley and Vaughan, 13969 (17).

On applying these_theories to thie available experimental data
they gave, in most cases, besides the qualitative fitting, a reasonable
quantitative explanatian off the way in which the spin-lattice relaxza-
tion time varies, particularly with teﬁperature. A brief review of
the relaxation processes and their variation with temperature is given
below.

4.2 Relaxation processes and their temperature dependence

As is mentioned in Section.4.1, two relaxation processes were
postulated by Kronig and Van Vleck. These processes were distinguished
earlier, in 1932, by Waller and became known as direct and Raman

processes.

4.2.1 The direct (or one phonon) process

It is the absorption, or emission, of a phonon of the same

energy "hy" as the splitting energy “Gab"-between two states
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a> and |b> required for a resonance transition in the spin system
ana resulting in an upwards or downwards transition in that system.l
This is illustrated diagramaticélly in Figure 4.la. Caiculation of
the transition probability for this process for a Kramer's doublet
wone in which the two spin states are time conjugates of each other
" and have half inteéral quantum numbers) leads to the dependence of

T1 on temperature and applied magnetic field as

T = a

-4 -1
1 H T _

(4.1)
while for non-Kramer's ions the deperdence is

T, = au? gt (4.2)

where a and a” are constants.

The energy density of phonons at frequency w within a certain band

width 6w is given by

3
pdw = §w3 du (4.3)
" v exp (ﬁw/kTo) -1

where v is the velocity of sound in the crystal.

The eﬁergy distribution of phonons according to a Debye spectrum at
any particular lattice temperaturé could be illustrated as in Figure
4.2. Only these phonons, which have energies equal to the transition
energy between the two relaxing lévels, in other words, those which
are on "speaking terms" with the spins, can take part in the direct
process of relagation. This is only an extremely small fraction of
the total ﬁumbér oflphonéns and it can be shown that the direct
procéss will predominate only at lower temperatures (liquid helium

temperatures).
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4.2.2 The two-phonon, Raman process

This nrocess, involving two high frequency phonons, is similar
to that introduced by Walle; but, here, the interaction mechanism is
explained by the ligand field theory rather than by the magnetic
spin-spin interaction. In this process the magnetic ion makes a
transition from state |b> tc state |a>., or vice versa; accompanied
by the virtual absorption of a phonon of angular frequency &, and

1

the emission of a phanon of frequency w The eneiyy difference

9
ﬁwl - ﬂmz is absorbed, or emitted, by the spin system effecting a
transition as illustrated in Figure-4h1b. In the Raman process any
two phonons can participate provided that their fregquency dirferencg
is equal to the resonance frequenéy of the spin system. So, the much
more abundant phonons near- the peak of the energy distributiou qf the
phonon spectrum, Figure 4.2, are also available. The calcﬁlated

dependences for T, due to this process are, for the ¥ramers ions,

1

T = bT 2 4+ b, HZq

1 1 (4.4)

) 3 -2 .7 .
where b and b1 are constants. The dependence on H T 7 is only
relevant under certain circumstances, as discussed by Orbach, 1961

(18). For non-Kramers ions the dependence is

T, = b T’ | (4.5)

vhere b' is a constant.

4.2.3 Resonant two-phonon relaxation or Orbach process

As is mentioned earlier, this two phonon resonance process
was suggested by Orbach in 1961 and first verified by Finn et al in

1961. Suppose that the magnetic ion has a set of energy levels such
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as that shown in Figure 4.lc, where .there are two low lying states |a>,
|k>>(such as a Kramer's doublet), and an excited state | c > whose energy

separation Ac is less than the maximum phonon energy, or
6 < ho (4.6)

where mP is the phonon frequency.

In the Raman process there were no phonons of energy AC'.SO that transi-
tidéns involving a Virtual‘level c had‘to be imagined. It is, here,
possible for an ion in , say, state |{b> to absorb a phonon of the
appropriate frequency by a direct process, and be excited to the state

¢ > . Then, a second paonon is emittgd by a sﬁontaneous ox induced
emission from that state |c>to fall down to state |a> . This gives an
indirect transfer of jons from'stateils> to [a> r and in so doing .
relaxation occurs between étate |b3>and |a.>i this may be fastér than the
direct transfer between them because of the much higher density of phonons
of energy Ac in the phonop spectrum. Ozrbach deduced a relaxation rate

which in general practice becomes ,

T1 = C exp Ac/kT) (4.7)

independent of an applied magnetic field except in so far as this may
a#lter the value Ac. This relation holds fer both non-Kramers and Kramers
ions provided that we consider a similar treatment for the excited states

as for the Kramers doublets in the Raman analysis.

4.2.4 Multiple ground state process

Orbach and Blume (12,13) considered the case where a multi-

level Kramers state is lowest in energy. This is illustrated in Figure 4.1d,
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where the states |c >and |d>have virtually the same energy as the states
|a>'and b>. Therefore, AC is very small and, consequently, taking
this intr account in the derivation of the Raman process, as Jdiscussed

by Abragam and Rleaney (15), another type of relaxation dominates with a

temperature dependence as ,

T = c\ o ' (4.8)

where C' is constant.
Walker in 1968 (19) has described a mechanism that also gives u T

dependence with T for non-Kramers doublets, than can operate between

17
states of a multiplet which are not time«éonjugates. Recently, an

account of the various processes of electron spin relaxation was given
by Gill, 1975 (20) concerning the establishment ;f thermal equilibrium

in dielectric crystals containing paramagnetic ions of the transition

elements.

4.2.5 Modifications due to lattice imperfections

The theories mentioned above all deal with paramagnetic ions
in crystallographically perfect diamagnetic lattice. The assumpticn of -
a perfect lattice is unlikely to be true for a doped single crystal
because the paramagnetic ions, substituting at lattice points, usually
differ in both mass and net electric charge from the ions they replace.
They will, therefore, constitute defect sites that cause distorticn of
the symmetry of the surrounding ligand ions and also modification of the
lattice waves. Moreover, any material grown at high temperature (for

our Gd/CaW0, the growth temperature is about 1600°C, using a Czochralski

4

method) , will contain a high number of crystallographic imperfections



due to the thermal stresses involved in the growth process. Also, defects
of other types can play an important role, for instance, microfracture
resulting when the crystal is cooled to the temperature of liguid helium,

As is established, spin-lattice interaction depends upon the
extent to which the distances between a paramagpetic centre and the
surrounding atoms change under the influence of lattice vibrations. The
disturbance of the crvstal field at the paramagnetic ion due to the
alteration of the normal positions of the ligands will have the effect
of introducing terms proporticnal to the ;attice.strain at the ligand
ion into the expressions of the lattice potential.

An additional éffect of lattice defects such as interstitial
ions and substitutional ions, which are of different mass from those
they replace, is modification oﬁ the assumed Debve spectrum of phonon
mpdes. This involves the introduction of extra phonon modes, that‘may
either be localized at the defect site or propagated through the lattice,
and also scattering of normal phonon modes at the defect site. The
scattering of these waves on crystal defects, though producing small
changes in oscillotion amplitudes, can however, lead to relative displace-
ments of adjacent atoms much bigger than the displacements produced by
Debye waves, as discussed by Kochelaev in 1960 (21). He considers that
for two-phonon processes the influence of defects can be unimportant and
that the greatest effect occurs in the direct process. Ile also derives
an expression for the transition probability, taking as an example the.
ion Cr3+ in octahedral environment5> his analysis shows that it is
independent of magnetic field and inversely proportional to the distance
between the paramagnetic ion and the defect site. This means that the

relaxation time depends upon the concentration of the paramagnetic ions
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and on the dens;ty 5f defecé centrgs in the crystgl.

The effects of localized phonon modes created at defect sites‘
have been considered by Klemens, 1962 (22), Castle et al, 1963 (23),'and
Montrell and Potts, 1955 (24). 'Klemens (22) concludes that the only
conceivable process involving a locai mode is one in which a spin-flip
1s accompanied by the absorption and subsequent re-emission of a localized
phonon.

When the relative spacing of the two spin levels in a magnetic
field is perturbed by a change in the crystal field, due to a strain €,

the perturbation Hamiltonian is of the form

where A and B are appropriate coupling parameters. The two processcs,
direct and Raman, are comparable at a temperature TC given by Klemens as,

1 1

2 -
s Loyl 3 2 /k )
T, * 5 &8 e (E/k) (4.10)

where OD is the normal Debye temperature, E is the spin energy (micro-
wave energy), A and B are the constants given in the strained Hamiltonian
equation (4.9).

The contribution of the localized modes to the Raman relaxation

is given by Klemens as

A w 3 -6,/T
3 g 2 74
/7, = wi< = ) (B/E)" e (4.11)

where Oi =h wi/k and E = AE is the spin energy, mi is the angular
frequency of the local mode, v is the velocity of sound, <7== U(a3/M)%

where K is the elastic modulus, M and a3 are the mass and volume of the

crystal, respectivel%). At sufficiently high temperatures 1/TRi varies
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2
as T"; in the same manner as 1/TR_and, thus, makes a comparable con-
tribution to 1/’1‘1 vhere 1/TR is given by ,

8/t 6 =X
X e

1/T, = 367 (B/Mv) 2 w_ (T/0) X e & (4.12)
D X 2
e® - 1)
(o]

In this equation, the integral is used to be put in the form

X xn ex
Jn(x) = . —;—"———-é- dx (4.13)
(e - 1)

o

which has been tabulated (25) and it can be shown that at small values

of x, J6(x) tends to xS,'and at large valﬁes of x the integral goes to

a limiting value of 732.4. Thus,'l/Th varies'as T7 at temperatures below
about 6/10, and as T2 above abou£ 6/2, as was ob£ained previously by
‘Mattuck and Strandberg (26). .By comparing equations (4.11) and (4.12),
Klemens concluded that these two Raman processes become comparable at
temperatures of sbout 6/20, the ordinary Raman process predominates below
that temperature and the exponentially increasing local mode Raman process
dominétes above that temperature.

Klemens' treatment is valid only if the local mode frequency wi
is well separated from the continuum of lattice modes. As 0, approaches
Wy the mode becomes progressively less localized. In the limit as wy
vecomes egual to Wy 1/TRi vanishes and the spin-lattice relaxation is
given by the normal theory. The relationship between we e Wy and the
spatial extent of the local mode is discussed by Montrell and Potts (24).

Castle, Feldmgn, Klemens and Weeks, 1963 (23) fouﬁd that the
Raman relaxation at defect sites, characterized by a low freguency of
local éistortion, have & lower temperature dependence than the cor-

responding Raman relaxation in a perfect lattice. An explicit expression



- 48 -

was derived with the assumption of harmonic response of the local
istortion at the defect site. The result was a temperature dependence

for T1 of the form ,

eV (% =y (% 7\ ei\ pil o \\ 1
Ty [Blas) T\ T B ) AT/ T \eo Jz?‘f?'j%o?a‘J
) D D " D / 6,0

(4.14)

where ei and GD are the Debye temperatures for a defected and perfect
crystal respectively, Jn(x) is definéd in equation (4.13) and R and B'
are constant parameters whose ratio determines which form of Raman
relaxation will dominate. Experimentally, these authors measured the
spin-lattice relaxation at the defec; sites formed by E' centres in
irradiated synthetic quartz at 3 kilo-oersteads over a wide temperature
range from 1.3 to 250 K. Their data was interpreted in terms of cross,
direct and Raman relaxatién processes. The dominant feature of the
Raman relaxation was a tenperature variation of about T3 wheun the
characteristic frecuency is sufficiently low compared to the Debhye fre-—

quency.

4.3 Experimental Results

From the foregoing analysis we realize that one of the main
axperimental techniques for uncovering the underlying mechanism of a
relaxation process for a certain magnetic ion ié to study the dependence
on temperature of the relaxation rate. Another measurable property is.
the magnetic field dependence. The latter, however, is not always con-
venient since it involves the use of several microwave spectrometers
operating at different frequencies. In this study, we are using the

first technique for its relevance and convenience.
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The samples used in this work are described earlier in
Section 3.2. We were careful to use the same samples as those of Thorp
et al (27) for the sake of comparison with their results and to explore’
the relaxation behaviour over an extended temperature range. The pulse-
saturation methcd used in the previous work was again adopted. To allow
measurement of spin-lattice relaxation times to be made over a wide
temperature range above 4.2 K, the wavgguide housing the specimen was
surrounded by an araldite block (type AT1), as suggested by W. Hutton;
Figure 4.3. The specifié heat of this araldite was given by Parkinson
and Quarrington (28), and due to its high thermal capacity at low
temperatures it seemed to be a suitable material. The araldite, which
was originally in a powdered form, was melted.at ~120°C and cured at
~140% overnight. Then it was ﬁachined to fit the waveguide and another
piece of araldite was prepared as a plunger; this had a piece of brass
attached to its end for sﬂort—circuiting the waveguide where tﬁe sanple
was located. With this arrangement the warming-up time was sufficiently
slow to permit measurements at intermediate temperatures ketween 4.2 K
and 30 K to be made without any additional temperature stabilization
equipment; Copper—-copper/constantan thermocouples were used for the
temperature measurements.

The amplifier system used to detect the recovery to thermal
equilibrium had a dead - time of 10 uéec;. this dead time determined the
upper temperature limit for measurements since it was found that T1
decreased to the same order as the dead-time at about 30 K. An estimafe
of the total error in measurements of T. was between 10 and 15%, the

1

main error resulting from misbalance of the bridge, Mason (29).
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4.3.1 TIF-temperature dependence measurements

To enable the data to be compared directly with the earlier
results of Thorp et al (27) measurements are made with magnetic field
perpendicular to the c-axis of the crystal, i.e. in the ¢-plane. The
magnetic field was directed along the magnetic axis ( ¢ = 80) because
at this angle clean single ESR lines were observed with the two samples
studied here which had nominal concentrations of 0.005 and 0.05 atomic
per cent gadolinium. A typical photograph of the exponential recovery
curve is shown in Figure 4.4. The semi-l.g plot of the recovery curve
yielded a straight liﬁe, as previously'rgported (27), indicating that
the recovery could adequétely be described by a single exponential; this
'is true for all the recovery traées observed over the whole temperatuxé
range for the samples éxamined. The form of the temperature variation
of T1 for the crystal containing 0.005 at.% Gd is shown in Figure 4.5,
w#ich for completeness includes the previous results obtained in the
1.5 K to 8 K region. The figure shows the occurrence'of two distinct
regimes indicative of a direct and a Raman-type relaxation. At tem-
peratures below zbout 8 K the variation follows, to within experimental

-1 . ;
error, a T, o T law. In this temperature range the magnitudes of T

1 1

are found to be 5.8 msec at 4.2 K and 2.8 msec at 8 K, which are in
close agreement with the previous measurements. The transition tem—
perature between the two relaxation reéimes is shown to be at nearly

8 K, and above this temperature the spin-lattice relaxation time varies
as T1 o T-3, giving a value of T1 =-1.6 msec at 10 K and falling only
to 0.07 msec at 28 K.

The corresponding temperature variation for the nominally

higher gadolinium concentration sample, i.e. 0.05 at.% Gd, is depicted
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in Figure 4.6. A very similar behaviour was obtained as with the first

sample, with two distinct variations with temperature. The exponents

£

of T, in the lower region of temperature are (-1), indicative of a direct
process, and (-3.6) indicative of a Raman-type relaxation in the higher
temperature region. These values are in agreement with those obtained

from Figure 4.5. The actual magnitudes of T, at corresponding temperatures,

1

e.g. 5.8 msec for the 0.005 at.% GA sample and 5.6 msec for the 0.05

at.% Gd at 4.2 K suggests that at these gadolinium levels T1 is not

strongly dependent on concentration.

4.3.2 Tl-angular dependence measurements

Investigation of the angular variation of Tl was carried out

for the sample 0.005 at.% Gd. Measurements were made in the ¢-niane
at 4.2 K and the results are shown in Figure 4.7. It ieg found that T1
is anisotropic in the plane of measurements. In the first guadrant;

(0 < ¢ < 900), there is a fairly broad but distinct minimuw between

o . . o .
¢ = 45 and ¢ = 650. It is shown that T1 varies from a maxinmum of

11.6 msec at ¢ =~ 250 to a minimum of 4.1 msec at ¢ = 550; at thie

angle T, is reduced by a factor of about three. Rotation of the crystal

1

through 180o in order to examine the range 180o < ¢ < 2700; in the

third quadrant, revealed a similar variation of T, with a minimum near

1
¢ = 235° and a maximum at ¢ = 2050.
4.4 Discussion
4.4.1 The temperature dependence of T1

From the theories of relaxation mentioned in Section 4.1, we

may formulate a general equation that gives the dependence of spin-lattice
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relaxation time on temperature as ,

'I‘l—l = AT 4 BT + C éxp(-—/_\c/kT) (4.15).

where A, B and T are consténts. In the first term, in the absence of
a bottleneck or cross-relaxation effects, m = 1 indicating the occur-
rence of a direct process. In the second term; correspohding to the
Raman process, n = 7 for a non-Kramers ion or n = 9 for a Kramers ion.
The last term represents-the Orbach mechanism, where Ac is the enexgy
splitting of the excited state above the ¢round level. Usually equation
(4.15) is applicable énly to salts where'the paramagnetic ion concen-
tration is low so that tﬁe experimental conditions approximate to the
assumptions of a single ion theofy where any co~operative mechanisms
such as cross-relaxation or exchange interactions between clusters cof
ions are not involved. As we are dealing with an S-state ion we méy
expect that the Orbacthlume mechanism will be effective, giving rise
to a dominating T5 term in equation (4.15) instead of the normal Raman
process. There is, in fact, experimental evidence for the T5 Raman
behaviour in s;vcral S-state ions. For example, Bierig et al (30)
found this kind of temperature dependence for Gd3+/CaF ¢+ Chao-Yuan

2

2+ + 2+
Huang (11) also observed it in Eu /CaF2, an /BaF_. and Mn /SrF

2 2°

When considering our results on Gd3/CaWO we may notice first

4
that the Orbach process is absent. It is known that the Orbach process
is only important if the splitting Ac is less than the Debye energy

kGD « Which is that of the highest energy phonon in the lattice phonon

spectrum, i.e. if

A < k6 (4.16)

where SD is the Debye temperature. For the gadolinium-doped crystals
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used we may (in the absence of a direct determination), reasonably take

6 as the value for pure CawWo

D since the gadolinium concentration is low,

4
Farley {32), using ultrasonic techniques for elastic constant deteimina-
tions, reported that GD = 155 k for pure Cawo4. From spectroscopic data
the value of AC is about 30000 cm—l, Dieke (33), and so kGD is much less
than Acb(k = 0.695 cm._1 K—l). We thus conclude that the Orbach DYoCNRsSs
is not a possible mechanism. Moreover, if defect centres are present

in the crystals the effective Debye temperature may be less than 6D for
a perfect lattiée% hence the conclusion that the Orbach process is not
possible remains valia for imperfect crysﬁals. Reference bhack to the

’ 3+
general eguation (4.15), suggests therefore that for Gd /CaWO4 a varia-

tion of the form

T = AT + BT C(4.17)

may apply withm =1, and n = 5. The absence of the Orbach term is

confirmed by the experimental data because when plotting log TI— versus
T ° we do not get a straight line as should be expected if the recovery
~ followed an Orkach mechanism, Figures 4.8 and 4.9. A similar treatment
was followed by Scott and Jeffries (34). This absence of an Orbach type
contribution was also found in the results obtained with the doped
fluorides quoted above.

Our results, however, show that althoﬁgh there is a good fit
to a T-'l'0 variation at low temperatpies, the variation above about 8 K
is much less rapid that T-S. To obtain a formula that fits the experi-
mental results we followed an.analysis similar to that used by Scott and

Jeffries. Starting with eguation (4.17) we can obtain the values of m

and n from the log-log plots in Figures 4.5 and 4.6. Knowing them, we
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m . n-m . , .
then plot T1 T versus T as in Figures 4.10 and 4.11. These give
straight lines whose slopes and intércepts determine the constants A
and B. Thus, the experimental data may be fitted by the expressions

vl 2 350 4+ o.57 (4.18)

for the 0.005 at.% Gd crystal, and

! - 35 o+ 0.1 708 (4.12)

for the 0.05 at.% crystal so that, on the average, one can take the
variation as nearly T3 in the Raman-type region. Inspection of these
equations shows that the.contributions of the_direct and Raman-type
processes become equal at about 9 K, above which temperature the Ramarn-—
kind process is dominant as shown in Tables 4.1 and 4.2.

We may evaluate_Tc, the temperature at which the direct and
Raman processes are comparable, using Klemens' procedure, equatién (4.10),

which reduces to

2
3

1 :
Tc =g OD (4.20)

1
for the constants A and B may be comparable in magnitude and (E/kf

is about unity in the microwave band we used. HNext, we should take into
account the change in the Debye temperature arising from the difference

. , 3+ . . ) , 2+

in masses of the dopant ion, Gd~ , and the ion it substitutes, Ca . .
Mason and Thorp (35) in their studies of the influence of the crystalline

imperfections on spin-lattice relaxation in ruby, adopted the relation
0. = m 0 (4.21)

to correlate between the Debye temperature for a defected crystal (ei)



First Term "Second Term Total Ratio
i | Typms) | /Ty | Tpes) | 1/Ty T ) | 1/Ty T1r/T1p
2 14.21 | 0.07 248.62 | 0.004 | 13.44 | 0.0074 | 17.6
3 9.44 | 0.11 73.43 | 0.01 8.36 |0.12 7.8
3.5 8.08 | 0.12 46.18 | 0.02 6.88 | 0.14 5.7
4.2 6.73 | 0.15 26.67 | 0.04 5.37 |0.19 4.0
6 4.69 | 0.21 9.13 | 0.1t 3.10 | 0.32 1.9
8 3.51 | 0.28 3.84 | 0.26 1.83 |0.54 1.1
9 3.12 |} 0.32 2.70 | 0.37 1.45 ]0.69 0.9
10 2.81 | 0.36 1.96 |-0.51 1.16 | 0.87 0.7
12 2.33 | 0.43 1.13 | 0.88 0.76 |1.31 0.5 |
14 2.00 | 0.50 0.71 1.40 0.53 |1.90 0.4
16. 1.75 | 0.57 0.48 | 2.10 0.38 | 2.67 0.3
18 1.55 | 0.64 0.34 | 2.98 0.28 |3.63 0.2
20 1.39 | 0.72 0.24 | 4.10 0.21 |4.82 0.2
22 1.27 1 0.79 0.18 | 5.46 0.16 |6.25 0.1
24 1.16 ! 0.86 0.14 | 7.10 0.13 | 7.9 0.1
26 1.07 | 0.93 0.11 | 9.02 0.10 !9.95 0.1
28 0.99 | 1.01 0.09 11.27 0.08 12.28 0.1
30 0.93 | 1.08 0.07 |13.87 0.07 14.95 0.1
Table 4.1: Evaluation of the fitting equation,

-1
Tl

=35T+0.5T3

2 Kup to 30 K.

for temperatures from



T (K) First Term Efcond Term Total ! Ratio
SRV EE SR V- 3 SIS N RV .
2 14.21 0.07 824.69 0.001 | 13.97 | 0.071 58.7
3 9.44 0.11 191.59 0.005 8.99 | 0.115 20.4
3.5 8.08 0.12 110.00 0.009 7.53 1 0.129 13.6
4 6.73 0.15 57.06 ; "0.02 6.02 | 0.17 8.5
6 4.69 0.21 15.80 0.06 3.62 | 0.27 3.4
8 3.51 0.28 5.61 0.18 2.16 { 0.46 1.6
9 3.12 0.32 3.67 0.27 1.69 © 0.59 1.2
10 2.81 | 0.36 2.50 | 0.40 1.33 ) 0.76 0.9
12 2.33 0.43 1.30 0.77 0.842 1.20 J.¢
14 2.00 | 0.50 0.75 | 1.34 0.54i 1.84 0.4
16 1.75 0.57 0.46 2.16 0.37; 2.73 0.3
18 1.55 0.64 0.30 3.30 0.25; 3.94 0.2
20 1.39 0.72 0.21 4.83 0.181 5.54 0.2
22 1.27 0.79 0.15 6.80 0.13}{ 7.59 0.1
24 1.16 0.86 " 0.11 9.31 0.10 | 10.17 0.1
26 1.07 0.93 ©0.08 |12.41 0.07 | 13.34 0.1
28 0.99 1.01 0.06 | 16.21 0.06 | 17.22 0.1
30 0.93 1.08 0.05 | 20.78 0.05 | 21.86 0.1
Table 4.2: Evaluation of the.fitting equation ,

-1

T =

1

for temperatures from 2 K to 30 K.

35

T1.008

3.6

+ 0.1 T
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and that of a perfeét crystal (GD), where m is the mass ratio of the

dopant ion to that which it replaceg. Knowing thét OD = 155 K and the
atomic weights of G4 and Ca are 157.25 and 40.08 respectively, we find
that Si = 78 K. Substituting this value, Oi instead of OD in ¢quation

{(4.20) we get TC = 9 K which is almost the same as the values given
from the experimentsl data (Figures 4.5 and 4.6) and those given from
fitting expressions (Table 4.1 and 4.2).

The explanation of the ohserved T3 variation appears to lie
in the presence of defects in the crystals. BAs is mentioned iu Section
4.2.5, a T_3 variation with T1 in the Raman region was predicted by
Castle et al (23) and fitted tie observed behaviour of irradiation
centres in quartz.

Also, a study of the temperature dependence of the relaxatior
times for ruby single cry;tals from 1.5 K to 120 K-reported by Mason and
Tﬁorp {35) has shown that the chromium ions occupy two types of sites
within the lattice, oné perfect and the other distorted. Although these
ﬁorkers were studving different crystals with a different dopant their
suggestion of the type of defect present in the ruby crystals is of
much interest because it is very similar to the suggestion which is made
in Section 3.7. It seems likely that this sort of defect is a possible
reason for the observed T3 behaviour although detailed analysis is still
needed for confirmation.

In order to present some figures for defect densities in

+ . + +
Gd3 /CaW0, we notice that with the entry of Gd3 ion into a Ca2 site

4
. . 3+
the formation of one calcium vacancy for every two Gd ions occurs,

. . . 1 -3 .
which amounts to a calcium vacancy density of about 10 8 cm . Besildes,

concentrations of calcium and oxygen vacancies are also formed as Schottky



- 56 -

defects even in pure CaWO4 in air at the melting point. These are

given by ¢Ca = ¢, = 0.054 atom percent, where ¢ indicates a vacancy

0
and subscripts indicate the crystal lattice site, Nassau (36). For

Cali0o calculations of Schottky defects give the same order of magni-

4'
tude mentioned above for calcium vacancy density, and hence for oxygen
vacancy density. TFurthermore, etching studies, Farley (32), showed

that the dislocation density in calcium tﬁngstate single crystals, grown
by the same Czochralski tgchnique as_that used here, was about 105 cm_3.
We also notice that the temperature required for growth of caluium tung-
vstate is about IGOOOCL that is considerably higher than that requised
for the fluorides in which (although data.was not specifically given in
the references quoted) a much lower dislocation density might be expectéd,

3
Consequently there are substantial grounds for attributing the T varis-

tion to defects although their exact nature is not yet fully resolved.

4.4.2 The angular variation of T1

No theovetical treatment is attempted for thie observed aniso-
topy of T1 in thec ¢-plane. However, an interesting comparison of results

comes from previous ultrasonic studies on CaWO, single crystals made

4
recently by Farley, Saunders and Chung in 1975 (37). These authors
investigated the elastic properties of scheelite structure molybdates
and tungstates and found that in the ¢-plane of calcium tungstate the
Young's modulus was anisotropic. Two features were noted, a maximum

at ¢ = 68.80 and a minimum at ¢ = 23;60, and these were identified with
the "axes of acoustic symmetry" which correspond to extrema in the ultra-

sound velocities and are the acoustic pure mode directicons for which the

acoustic energy flux direction is collinear with the propagation vector.
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FIG.4-12 T, - Angular variation in the ¢ - plane for Gd7CaWO‘
(0-005°%), temperature 4-2K, frequency 37-5 GHz, compared
with ultrasonic measurements of Youngs modulus in the

same plane (dotled curve).
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The positions of extrema in our T

4 variaticn show a ramarkable coinci-

dence with the "acoustic axes of symmetry" of the crystal. The ultra-
sonic and relaxation data are conpared in Figure 4.12. They show a

close fit between the direction'of the minimum of T1 and the accustic

Y-axis, and also of the maximum of T, with the acoustic k-axis. The

1

ratio of Young's modulus along the y and k axes was given as 2.1 at 295 KX,
compared with the ratio of about 2.1 at 4.2 K for the spin-lattice relaxa-
tion rates in these directions. It appears that the maximum relaxation
rate (i.e. minimum Tl) occurs when the ultrasound velocity is greatest

and vice versa. The acoustic axes have 4/mmm symmetry in calcium tungstate
and this accounts, on the same hLasis, for éhe maximum and minimum values

of T, found between ¢ = 180° and’ ¢-= 270°.
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CHAPTER 5

4
SPIN-LATTICE RELAXATION OF Fe3 IN IRON DOPED MAGNESIUM OXIDE

. ; : . . . 3+
The main interest in studying the spin-lattice relaxation of Fe

in magnesium oxide single crystals is that it provides another evample of
an S-state ion in a well known lattice structure. Although iron doped
magnesium oxide has received a great dzal of attention from previous
workers, most of their ESR studies were at X-band freduencies ('~ 9 GHz).
The ESR spectrum of Fe3+/MgO at magnetic fields of 13.5 KG (i.e. Q-band
frequencies) was reported by Cheng and Kemp in 1971 (1). They used a
method combining magnetic—circular—dichroism (MCD) and electron spin
resonance (ESR) for studying the spin-lattice relaxation mechanism. No
T1 values were published in their work. Spin-lattice measurements,

however, received less attention and almost nothing was published at

higher freugnecies. Hence, our measurements of T, at Q-band (37.5 GHz)

1

are thought to contribut something to this field.

5.1 Crystal structure, doping and chérge ccmpensation

The magnesium oxide structure is that of the well-known sodium
chloride; of the type MX, where M denotes the metal ion or atom and X
an electronegative element, e.g. oxygen in the oxides, or fluorine or
chlorine in the halides, etc. The lattice is face_centrea cubic of

space group O5

L @S indicated by Cornwell (2), (the point group Oh and the

assignment of superscript by Schonflies is rather arbitrary). Each
magnesium atom has a coordination number of six, the neighbours being
at 'the vertices of a regular octahedron. In this octahedral co-ordination

. 2+ 2
the ionic radii, according to Kelly and Groves (3) for Mg and O are

0.65 R and 1.40 R fespectively. Wyckoff (4) gave the lattice parameter




as a_ = 4.2112 &, By doping the single crystals of MgO with iron, the
latter is expected@ to go into the léttice by substitution at the mag-
nesium sites; the predominant valency state is Fe3+ as concluded by
Thorp, Vasquez, Adcock and Hutton (5) in their recent work on FSR line-
widths of Fe3+ in MgO, whose optical measurements also revealed features
indicative of Fe3+. This, besides the observed ESR spectra at X- and
QO-bands (9.1 and 35.5 GHz) gave confirmatién of their conclusion.

3+

Further support is given by the comparison of the ionic radii of Fe

o] ] o 24 .
which at 0.64 A (3) is almost the same as the corresponding Mg ion.

, . 3+ .
The extra positive charge on the Fe ion however requires that thexe

should be some mechanism for charge compensation in the crystal. Actually,
three processes for achieving charge neutrality couvld be effective as

discussed by Wertz and Auzins (6). First, compensation might ocecur with

: . -3 \ . ..
an extra electron on an oxygen icn, O . Howeve)x, this was dismissed as

répresenting a very unstable configuration. This leaves us with two
reasonable possibilitiés outside the oxygen octahedron. One is replace-
ment of a Mg2+ ion by a unipositive ion such as the Li+1 ion, which was
postulated by Prener (7). From the jonic radii point of view, this shouid
fit readily in the crystal (with Na+1 less likely), while any other
unipositive ion is probably too large to fit without undue distortion.

The alternative is to have Mg2+ vacancies distributed at random through-
out the crystal. The possibility of interstitial O“1 ions was rejected,

since there is hardly room in the lattice to accommodate them.

5.2 Experimental results and discussion

The single crystals of iron-doped magnesium oxide upon which measure-
ments were made were obtained from W & C Spicer Ltd. (Cheltenham), having

been grown by electrofusion using pure powdered ferric oxide and pure
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powdered magnesia aé the starting materials. Eince there was no
deliberate doping of a univalent element to maintéin charge neutrality
cne may invoke the vacancy compensation mechanism. The iron concentra-
tions in the samples used in tﬁis work were 140, 310 and 710 p.o.m.;
these had been determined by optical spectrographic analysis (Johnson-
Matthey Ltd.) to an accuracy of about 2%. Neither optical examination
nor x-ray back reflection photographs, used to orient the samples,
revealed any evidence of macroscopic cracking, flaws, strain or mosaic
formation. This led us to assume that the samples were of gocod crystal—
line quality.

The pulse saturation teclnique, as mentioned before, was used fox
the spin-lattice relaxation measurements at 37.5 GHz. Measurements were
carried out for the central % « —-% transition at 4.2 K, except wvhen

otherwise mentioned elsewhere.

5.2.1 Observaticn of two decay rates

The crystals were oriented so that the magnetic field E was along
the <100> direction. In most of the semi-logarithmic plots produced from
the photographs ui the exponential decay curves, the existence of two
relaxation rates could be observed as in Figure 5.1. The longer relaxa-
tion time was taken as the spin-lattice relaxation time T1, whilst the
shorter relaxation time could be attributed to some contribution from
the energy levels of the system in a cross-relaxation mechanism, as
discussed by Manenkov and Prokhorov . (8). Previous experimental resulté
on Fe3+/Mg0 at 10 GHz by Castle and Feldman gave two values for the
exponents in the rate equation and were published by Shiren (9). In a
preceding publication, Shiren (10) reported measurements of spin—phonop

. . A . 3+ 2+ 3+ 2+ L2+
interactions for iron group ions Cr , Mn  , Fe , Fe and Ni in MgO,




Present results

Computed T, (9)

Measured T

(9)

1 1
T1 at 37.5 CGHz at 10 CHz at 10 Ghz
0.8 ms 50 ms 714.3 ms
0.3 ms 26 ms 23.8 ms
7.6ms

Table 5.1:

Observations of more than one decay

constant in the reldxation of

Fe3+/MgO at 4.2 %,
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utilizing microwave ultrasonic spin_resonance techniques. Using his
measured spin-phonon coupling constants, Shiren (9) calculated the
relaxation times from the theories as proposed by Van Vleck (1l1) and
modified by Mattuck and Strandﬁerg (12). Our results are given in
Table 5.1 in which they are compared with Shiren's computed values and
the measurements of Castle and Feldman of T1 for Fe3+/MgO.' This table
shows the presence of more than one component in the relaxation decay

of Fe3+/MgO, in both the experimental.and predicted data, although direct
comparison of the results is not convenier.t at this stage because of the
difference in the operéting frequencies. .Shiren's computations were
based on deriving the raté equations, as already given by Andrew and
Tunstall (13), for the different énergy levels available in the systen.
For ions with § = % and the Am = 1 transitions there are, in general,
three relaxation rates in the return to equilibrium from saturation'or
igversion. Experimentally, the relaxation behaviour of a particular
level will frequently be dominated by one of the relaxation ratéé if it
hés a large amplitude constaﬁt. In our measurements we have taken the
final part of the recovery curve, which gives the longest component, io

derive the spin-lattice relaxation time Tl'

3+
5.2.2 Temperature dependence of T, for Fe™ /MgO

1

Measurements of cpin-lattice relaxation time T1 were made in the
+
temperature range from 4.2 K to 27 X for the Fe3 /Mg0 sample of 310 p.p.m.
Fe doping. The magnetic fie=ld was directed along the <100> direction of

the crystal and we monitored the relaxation of the § +—— - transition.

L
2 T2
The araldite block was again used, as mentioned in the preceding chapter,

Section-4.3, as a means of letting the system warm up slowly enough for

monitoring the change of spin-lattice relaxation time with temperature.
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The variation of T1 in the range of temperatures studiéd, is depicted in
Figure 5.2. This shows two regimes bf dependence 6n temperature 'I‘1
as T—1 at lower tamperatures and T“4'6 above about 20 K. The vzlues of
T1 were derived from the photographs of the exponential decay traces at
the corresponding temperature by choosing the longest relaxation time as
the spin-lattice relaxation time at that temperature. The  observed
dependence of T1 on temperature agrees witﬁ the theoretical predictions
demonstrating a T_1 behavipur as a di;ect process at low temperatures

«O

and a T variation as a Raman process at higher temperaturcs. As an

3+ = -5 ' . .
S-state ion, Fe should ohey a T > variation of T, with temperature in

_ 1
the Raman region as discussed in Section 4.2.4. Knowledge of the transi-
tion temperature TC' at which the Raman process begins to dominate over -
the direct process, can provide information about.the Debye temperature
of the crystal. This was atteﬁpted by carrying out a similar tyeatment
as-previously made for.Gd3+/CaWO4 in Section 4.4.1. The only cdifference.
here is tﬁat we start with a known value for Eb to derive the Debye {Lem-
pérature eD, whereas in the previous treatment we have done the reverse.

Quoting equation ( 4.20) in Section 44.1, this gives the relation of T,

and 6, as
i

Y
~ 1 3
T, = )6,

From Figure 5.2, TC = 20 K, hence
6, = 253 K.
i

.|.
Also, as we are dealing with Fe3 ions which substitute for Mg ions in

the MgO single crystal we may use the relation

e T V2
ei = m GD

where m is the ratio of the atomic masses of iren to magnesium ions.
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Therefore ,

L1
N 55.847 2
ei - ( 24.305 ) ®
or ,
o, = 383 K .

For comparison, we find from the physical tables (14) that the Debye
temperature for MgO has been given as 946 K. This was reported by
Barron et al, 1959 (15), Qhen studyin§ the heat capacity of crystalline
magnesium oxide. It was found that their published value was the Debye
temperature at 0 K (60) and from their pliotting of OD versus temperature
;n the range 20 < T < 300 K we found_that GD.ét 77 K is nearly 750 K.
This shows that our estimated GD'is far below that published by Barrcn
et al. Reasons for the discrepancy in the results may be (a) the
differences in the experiﬁental techniques, (b) the preparation of the
samples examined.- Thig latter condition may include the particle size
of MgO, the surface roughness and other possibhle factors such as con-
tamination of the‘éurfaces by adsorbed gases.

This walue of TC is in exact agreement with that reported by
Pace, Sampson and Thorp, 196! (16) in their studies on synthetic sapphire
(Fe3+/A1203) at 34.6 GBz. Using a pulse saturation method, théy found
that the main features of the variation of the relaxation times show a
T dependence on temperature up to 10 K and a transition to a region
of T—5 occurs at about 20 K. |

Kask et al, 1963 (17) studied the paramagnetic relaxation of
the Fe3+ ion in corundum (Al 03) in the 3-cm range by utilizing the

2

pulse saturation method. The temperature dependence of T1 vas determined

in the interval 2-80 K. It was shown that T, varies approximately as

1
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T in the region from 2 to 5 K. In the interval 5 - 15 X, T1 varied

anomalously slowly and in the 20 - 80 K range T1 varied as T

5.2.3 Concentration dependence of T1

Measurements of T1 for the Fe3+/MgO samples available gave the
values presented in Table 5.2. Again, we emphasize that the spin-lattice
relaxation time T1 was chosen as the longe¥ time in the semi-logarithmic
plots of the recovery traces photographs. These were taken at 4.2 K with
the magnetic field H along the <100> direction.

It has long been observed that at sufficiently low temperatures
and sufficiently high concentrations of péramagnetic impurities the
transfer of energy from a spin system to the lattice may be dominated by
concentration-dependent relaxation processes. On; explanation was suggested
by Van Vleck, 1960 (i8), ife..that the spins in the crystal cross relax '
td some paramagnetic sites which relax rapidly to the lattice. The rapidly
reiaxing sites may, fof example, consist of spins of a paramagnetic species
having exceedingly short spin-lattice relaxation times, spins located in
distorted crystal fields, or exchange-coupled clusters of two or more
ions which relax rapidly to the lattice as a result of phonon modulation
of the exchange coupling. In studying the spin-lattice relaxation of Cr3+
ions in ruby crystals, Standley and Vaughan, 1965 (19) suggested that the
cbserved concentration-dependence is possibly due to impurity ions that
constitute the fast relaxing centres. Solomon in 1966 (20) studied the
concentration-dependence of spin-lattice relaxation times for Mn2+ and
Fe3+ in MgO at 9.6 GHz utilizing the technique of éaturation recovery.

He found that T1 is roughly proportiocnal to the inverse of concentration.

Similarly, we apply this law to our results and it gives the values

presented in the last cclumn in Table 5.2. -The agreement between the




Concentration Measured 'J.‘1 Predicted 'I‘1
(ppm) . (m sec) - {m sec)
140 1.0 1.0
310 0.8 0.5
710 G.1 0.2
Tezhle 5.2: Concentration dependence of T1
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experimental and predicted values of T, is gnod and it is tempting to

1
3+ . . '
conclude that for Fe  /MgO the spin-lattice relaxation time obeys
. . -1
(roncentration) law.

5.2,4 The angular variation of T1

The variation of relaxation time T1 with crystal. orientation
for the % — -% transition for Fe3+/MgO ﬁas been experimentally
investigated. Three samp}es of iron qoncentrations 140, 310, 710 p.p.m.
were examined at liquid helium temperature (4.2 K). The spin—lattice
relaxation times were measured in the angular range from 6 = 0o to
6 = 900, vhere 0 is the angle hetween the-magneﬁic field ¥ and the <100>
direction of the crystai. The angular dependeﬁce behaviour of these
three samples is depicted in Figﬁre 5.3. The sémple of 310 p.p.m. Fe
showed two apparent minima at.angles 6 of about 30° and 750, haying'
vélues of T1 as 0.44 msec and 0.49 msec, respectively. This behaviour
was not evident for thé other two samples; 140 p.p.m. Fe and 710 p.p.m,
Fe. However, we noticed that the 310 p.p.m. Fe sample did not show
'extra' linez in the ESR spectrum as did the 140 and 710 p.p.m. Fe
- samples, which might indicate that they are not exactly similar and dif-
ferences in behaviour might arise. The decrease in T1 values at certain
angles could be explained hy the cross-relaxation between two, or more,

transitions. It is interesting to know that, from Thorp et al's (5)

3+ .
studies on linewidths of Fe  /Mg0O, at these angles of minimum T1 values

the —% ——r —-% and % +*+% transitions are expected to overlap with the

main transition (% <> —-%).

Donoho, 1964 (21) worked out the theoretical investigation
- ' ) 3+
which predicted the form of the angular dependence for Cr in ruby.

3+ .
Mo such theoretical treatment was attempted for Fe  /MgO. But, in general,
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we may conclude that the angular dependence of the relaxation time is a
consequence of the variation in admixture between states as the angle 6

changes; this iz in agreement with Standley and Vaughan (19).

5.2.5 Frequency dependence of T1

Since the measurements of T1 reported here were made at one

frequency of 37.5 GHz, they provide by themselves no information on ths
frequency dependence of the relaxation time. Rowever, Shiren (10) has

reported computed values of T, at 10 GHz, also, in the same publication,

1

Castle and Feldman have published measured values for T1 at 10 GHz. On

reviewing the laws of dependence of T, on frequency £, two particular

1

cases arise, as discussed by Thorp, Sturgess and Brown, 1972 (22), viz.
(a) the behaviour of the ion represented by an isolated Kramers dcuklet

-A ' '
showing a T, oo £ = dependence, and (b) the non-Kramers ion which gives a

1

T1 o f'-2 dependence. Applying these two laws to our results we find

-4 . . -
that the T1 o £ law is better obeyed, Table 5.3. For comparison aof
results we refer o Davis and Wayner, 1964 (23) who showed that potassium

; ; .. o 3+ . -4 -1 i
cobalticyanide containing Fe obeyed equation T1 = a H T very ciusely,

displaying a T, « H—4 dependence (or T

i o (frequency)_4) for the direct

1
process at helium temperatures from 4 GHz to 12 GHz. This, in fact,

agrees with the predictions of Van Vlieck, 1940 (11) for the spin-lattice
relaxation time dependence on magnetic field at low temperatures ip the
direct region of relaxation, for an isolated Kramers doublet. Van Vleck

concluded that regarding the dependence on field strength his calculations

+ +
also apply to Fe3 (in iron alum) as well as Cr3 {in chrome alum).

Conclusion

.U‘
W

The observation of two decay rates in the recovery curves may


http://cobalticyani.de

(m sec)
Castle & Feldman, T, at 10 GHz ' 714.3 23.8
Shiren, T1 at 10 GHz 50 26 7.6
f_2 law for Castle & Feldman values 50.8 1.7 ;
f_2 law for Shiren values | 3.6 1.8 0.5
fn4 law for Castle & Feldman values 3.6 0.1
f"4 law for Shiren values 0.3 0.1 0.04 l
Present measurements at 37.5 GHz 0.8 0.3

Table 5.3: Applicaticn of f'—2 and f“4 laws of

dependence of T1 on frequency.
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indicate that there is a contribution from the other enaxgy levels of
3+ ' : ' ' :
the Fe system. However, this could not be due to a fast relaxing
centre, as in the case of exchange interaction, because the two measured
: 3+
rates are comparable in magnitude. We may conclude that Fe ions in
MgC crystals behave as expected frem the thzory for an S-state ion

regarding the Tl—temperature dependence, since it has shown an approxi-

..S . . . .
mate T dependence. With the iron concentrations available we have

seen that T1 varies approximately as the inverse of the concentration;
a behaviour which was reported previously ior several materials. The
angular variation of Ti revealed some features of cross-relaxation of
certain transitions with the main transition under experiment. This

manifested itself in the decrease of T

1 at specific arglesg. Finally;

comparison of our measurements of T, at 37.5 GHz with published results

1

at 10 GHz revealed that the dependence of T, on frequency obeys a

1

-4 . - .
T1 o (frequency) behaviour which is expected for Kramers' ions

according to the present theories.




- 68 -

CHAPTER 6

CAVITY GROWIH IN NEUTRON IRRADIATED MAGNESIUM OXIDE

With the knowledge acquired about the ESR behaviour of Fe3+ in
MgO single crystals we were able to contribute to the study of cavity
growth in neﬁtron irradisated magnesium oxide. This was achieved by the
.investigation of the ESR spectra after annealing the sampleé in tﬁe
temperature range from 1475 to 17750C and a subsequent study followed
(in collaboration with G J Russell) using transmission electron micros-
copy (TEM). Since we will be dealing with a rather new topic, we think
it may be reasonable to begin with some-introduction to the nucleation

and growth of cavities.

6.1 Introduction

The growth of cuboidal cavities is a feature of irradiation damage
occurring in ionic single crystals. To nucleate these defects and to
sustain their growth it is necessary to create a sufficient numbar of
vacancies with a mobility high enough to allow agglomeration. Foxr this to-
occur in magnesium oxide, Morgan and Bowen, 1967 (1) have shown that it is
necessary to irradiate to a dose exceeding 1020 nvt (in this notation n
is the number of neutrons per unit volume, v the velocity of neutrons and
t is the time of exposure) and subsequently to anneal in argon at a tem-
perature greater than 1500°C for one hour. In addition to the production
of vacancies, exposure to such irradiation results in the transmutation
of magnesium and oxygen nuclei thereby producing mainly inert gas atoms
of neon and helium, as discussed by Wilks, 1966 (2). Morgan and Bowen
demonstrated that thé cavities in annealed material contained these gases

at low pressure.
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In the case of the alkali halides it has been shown that impurity
atoms often play an important role iﬁ radiation daﬁage processes. The
MgO studied by Morgan and Bowen was known to contain a relatively large
impurity concentration of about 500 ppm which was chiefly Fe, Al, Ca and
Si. Thus it is expected that at least some of these impurities may be
involved in the cavity growth process. However, to date, no evidence for
the correlation between impurity content ana cavity growth has been reported
and the aim of this study was to investigate if any such relationship
existed. Transmission electron microscopy on its own was inadeguate to
identify impurities so a complementary technique was necessary. Such a
technique is that of clectron spin resonanée which is not only capable of
detecting very. low levels of certain impurities, but is also useful for
monitoring changes in local environmentsf ESR ha; already been used
extensively in the study of neﬁtron irradiation damage in MgO and of the
effect of annealing at temperatures below that necessary to nucleated
cavities, as indicated 5y Henderson et al, 1971 (3). Thus it was intended
in this work to extend the use of this technique to the study of samples

containing cavities and to correlate the results with TEM of the same

samples.
6.2 Experimental

The single crystals of MgO used for this study were obtained from
Semi--Elements Inc., Saxonburgh, Pa. Cleaved specimens having dimensions

. of about 10 x 4 x 0.5 mm3 were given a heat treatment for 18 hours at
1300°C in an ambient of hydrogen before being irradiated to a dose.of
3.66 x 1020 nvt in the Herwell Dido reactor. The irradiation temperature
was about 150°C. Post-irradiation anneaiing treatments, ecach of one hour

. . o, .
duration,; were carried out over a range of temperatures at 50 C intervals
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between 1475 and 1775°C in an atmosphere of argon. The heating up and
cooling periods were short compared with one hour énnealing time; to
achieve the latter: the samples were air-cooled.

ESR spectra in the region of magné£ic field corresponding to the
g-value of the free electron were obtained for each of the annealed samples.
All measurements were made at Q-band (35 GHz) and liquid nitrogen tem-
perature (77 K). The-magnetié field direction was in a {100} plane of
each specimen. Calibration of this magnetic field was made using a trace
of D.P.P.H., the g-value ofvwhich was taken to be 2.0037, supplementing
the electromagnet calibration obtained employing the proton/lithium
resonance technique.

After examination by ESR the samples wefe cleaved and the flakes-
so produced were further reduced in thickness by éhemical polishing using
phosphoric acid at about 1500b-(see for instance Washburn et al (4)). The
thinned samples were examined in a JEM 120 electron microscope by
G J Russell (5) who produced a number of micrographs recorded from dif-
ferent areas for each annealed specimen to determine the size distribution
of the cavities. The sample orientation was close to a <100> direction iﬁ

all cases.

6.3 Results

6.3.1 Transmission Electron Microscopy

Examination by TEM showed that the sample annealed at 14750C con-
tained interstitial dislocation loops'and tangles as seen in Figure.e.l.
This damage is similar to that described and discussed by Groves and
Kelly, 1963 (6) and by Powen and Clarke, 1964 (7). 1In all the samples
annealed:above 15000C cuboidal cavities as seen in Figures 6.2a and 6.2b

were present, These figures, which were recorded from the sample annealed
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at 1675°C, show that the cavities range in size from about 50 to 300 g

and are bounded by {100} faces. The dislocations which were still present
. in those samples annealed at temperafures greater than 1500°¢ were often'
assocliated with cavities. This observation is in agreement with that of
Morgan and Bowén (1), but we would further point out that dislocations
freque;tly appeared to be pinned by ithe cavities as at A in Figure 6.2a.
This pinning was such that the orientation of the dislocations close to

the cavities was near to a <110> direction, as at A in Figure 6.2b.

The h’stograms in Figure 6.3 show the size distribution of the
cavities as a function of annealing temperature. They were derived from
at least ten micrographs taken from differént areas for each annealed
sample. The main observation to be made from these size distributions is
that the mean cavity size inqreases dramatically on annealing at a tem-
perature exceeding some value betwéen 1575 and 1625°C, Annealing at
higher temperatures than this does not appear to produce any further
increase in cavity size or significant chanée in the size distribution.

The total cavity volume per unit crystal volume and the concentra-—
tion of cavities for each annealed sample have alsoc been estimated and are
given in Table 6.1. For the purpose of these calculations a mean specimen
thickness for ;he total area from which the size distributions.were
obtained was taken to be 1000 g, a typical gsample thickness for trans-
mission microscopy. -Acceptinq the crudeness of this appgoximation, Table
6.1 shows that the large increase in cévity size which occurs at 16250C
(see Figure 6.3) is accompanied by a large increase in the ratio of the
total cavity volume to crystal volume. The cavity concentration remains

more or less unchanged.
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’ Fig. 6.1: Interstitial dislocation loops and
tangles in the sample annealed at
1475°C for one hour




(a)

Fig. 6.2: The pinning of dislocations at cavities in

the sample annealed at 1675°C.

In (a) both sections of the dislocation at

'A' are approximately in the plane of the foil.




Fig. 6.2:

(b)

The pinning of dislocations at cavities in
the sample annealed at 1675°C.
In (b) one section of the dislocation at

'A' is almost perpendicular to the plane

of the foil.
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Temperature of Ratio of cavity volume Number of
Anneal (OC) /crystal volume cavities per cc
' x 10%) (x 10714
1525 1.8 0.95
1575 1.4 0.51
|
i 1625 13.5 1.38
]
: _ 1675 11.2 10.83
1725 11.9 1.00
1775 16.2 1.64

Table 6.1

The variation of cavities volume and concentration

with the annealing temperature.
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6.3.2 Electron Spin Resonance

The main results of the ESR studies are illustrated by the spec£ra
obtained from the specimens annealed at 1475°C, 15750C and 16250C re-
spectively. Although detailed analyses of the particulaxr specimens'used
were not available, data on other MgO crystals made by the same supplier
(Semi-Elements Inc.) has been given by Martin, 1968 (8) whose results
showed that the major paramagnetic impurity was iron af about 100 wt. ppm;
it is also generally accepted from analytical evidence on other MgO crystals
that both manganese and chromium aré often present at low trace levels.

Figure 6.4 shows the spectrum obtained with the magnetic field
parallel tc <100> for the specimen annealed at 1475°C which contained inter-
stitial loops but no cavities, (c¢.f. Figure 6.1). The prominent features
are (a) six lines marked A, (b) a line B having g = 1.9785 and (c¢) a
line C having g = é.0034. Features A and B were identified by comparicson
with Henderson and Wertz's data, 1968 (9) as arising from the 4-% —— ;%
transition of Mn2+ and from Cr3+ respéc%ively. The origin of line C is
in some doubt. Furthér measurements showed that it was isotropic, indicating
that it could not be ascribed to an interstitial atom with an associated
vacancy; although the g-value is reasonably close to that of the

3+
+ % ——r -1 transition of Fe  in octahedral symmetry, this interpretation

+«—r + ! transitions are absent; and finally

is precluded because the = 5

N

the g-value does not fit with any of those of the impu:ities listed in the
review by Henderson and Wertz. Evidence given later suggests that line C
may arise from an electron trapped in a vacancy to form a centre persistent
even at the annealing temperatures used,

In the spectra obtained from specimens annealed at both 1525°C and
1575°C, i.e. just above the temperature.necessary to nucleate cavities,

new features were cbserved. These are shown in Figure 6.5 which refers
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to a specimen anncaled at 1575°C. The most important change is the

" occurrence of the new lines marked D and E; the g-valué of 2.0031 for
the D transition, together with the observed Anisotropy of E lines,

fit well with reported data on Fe3+ (9,10) and enable them to be
identified as the -1<> 1 and +3 +4»:t% transitions respectively of
Fe3+ in octahedral symmetry, i.e. Fe3+ ions occupying magnesium sites.
The other differences appear to be.associated with localised detailed
changes in the ﬁanganese environment; they include additional Fraﬁsitions
close to each of the six A lines and also transitions F situated midvay
between the A lines. The transitions F are of low intensity and have
the same separation as the A lines.

The spectra of specimens annealed above 15750C (e.g. Figure 5.6)
differ from those just described in two major respects. In the first
place there is no indication of the D and E lines corresponding to 12"‘033'I
in octahedral symmetry; secondly, the additional lines in Figure 6.5
which were attributed to Mn2+ are mu¢h less pronounced. Comparison cf
all the spectra shows that the intensity ratio of the Mn2+ hyperfine and
ér3+ lines remained approximately constant throughout all the annzaling
trgatments and consequently the hyperfine components of Mn2+ could be
used as an intensity reference, c.f. (11). On this basis it appears
that in Figure 6.6 the intensity of line C has increased by approximately
two times, iﬁdicating that annealing at 1625°C produces a two-fold

increase in the number of centres responsible for line C.

6.4 Discussion
An important conclusion of Morgan and Bowen (1) from their studies
of neutron irradiated and annealed MgO was that to nucleate cavities

it was necessary to anneal samples irradiated to a dose in excess of
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10'20 nvt at a temperature greater than 1500°C in an ambient of axrgon.
This minimum critical‘temperature was attributed £o the activation

energy associated with vacahcy mobility. In addition, the results of

the annealing studies described here concerning the nucleation and.growth
of cavities would suggest that another critical temperature for the growth
ex;sts in the temperature range of 1575 to 1625°C. ﬁhile annealing apove
some temperatures within this range does not produce any significant change
in the concentration of cavities, the ratic of total cavity volume to
unit volume of crystal increases by an orxder of magnitude. This must
similarly be accounted for by the movement. of vacancies and consequently
Russell et al (12) proposed that, followiﬁg the nucleation of cavities,
some mechanism exists which impedes further grow;h oi these qefects until
another critical temperature (For an hour annealiné period) is exceeded.
An indication of the nature of this mechanism can be inferred from the
results of . our ESR measurements as will be discussed later.

One feature of cavities which-ﬁés noted by Morgan and Bowen (1)
~was that they were often located at cusps in dislocation lines. In the
present annealing studies we have found that these cusps correspoﬁd to
two sections of dislocation each pinned to a corxner of a cavity and lying
close to a <110> direction in the immediate proximity of the cavitf as
in Figures 6.2a and 6.2b. The assbciation of.cavities with dislocations
is interpreted as follows. When an interstitial 1dop,‘which is étill
- present in a sample at an annealing temperatﬁre greater than 1500°C,
moves through the crystal it is probable that the interaction with the
cavities present will fesult in partial annihilation of the loop by
vacancies from the cavities. The ﬁoVement of the parts of the loop near
cavities will consequently be impeded._ It is further suggested that

the observed <110> orientation of dislocations in the region of cavities
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is rélated to a favourable configuration for the above annihilation
process to occur. This is attributed to the fact that in the NaCl
structure (which also applies to Mg0O), the uninterrupted rows of anions‘
and of cations in <110> directions maké diffusion of vacancies of either
type more likely in these directions than in others.

The ESR results show that the nucleation of cavities, in the
.samples annealed at-1525°C and 1575°C, is accompanied by the appearance
of Fe3+ in octaliedral symmetry. As mentioned earlier, ahalysis of
- material made by the same suppliear ﬁas shown that ircn was present in
the specimens (B). Due to the pre-irradiation heat treatment in hydrocgen
it is most likely that any iron present will be in the divalent state,
c.f. (13); this view is supported by the absence of Fe3+ lines in -
specimens annealed at temperatures below 150000 (Figure 5.4).

As the post—irradiation aﬁnealing took place in an inert atmosphere
the cation vacancies necessary for the conversion of Fe2+ into Fe3+ on
increasing tﬁe anneaiing temperature fiom 14750C to 15250C must have ccme
from within the crystal. An adequate supply of vacancies is known to be
produced when the vacancy clusters, which are about 7 8 in dianeter and
which are present in similarly treated specimens, suddenly collapse on
annealing at about 15000C, Martin, 1966 (14). The disappearance of the
Fe3+ lines at.temperatures above 1625°C could be explained either by a
reduction of Fe3+ into Fe2+ by the outward diffusion of cation vacancies
or-by the trapping of vacancies near the Fe3+ sites, creating an Fe3+
vacancy complex, as reported by Henderson et al, 1971 (15), whose ESR
would probably fall in the low magnetic field region outside the present
range of méasdxemeﬁt. Since. the subsequent growth of the cavities
indiéates that a large ﬁumber of vacancies are retained in the crystal

the outward diffusion explanation appears unlikely and the trapping
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mechanism more probable.
In view of the ESR evidence we envisage the cavity nucleation
and growth proceeding by two stages as follows. On annealing just above
o - ‘a1 . - '
1500 C a critical vacancy mobility is exceeded and small cavities are
nucleated in the wmanner described by Morgan and Bowen (1). Simultan-
' . . . 3+
eously there is a conversion of iron to Fe in octahedral symmetry at
magnesium sites; this conversion uses vacancies released when clusters
; o . .
collapse at abcut 1500 C which then form charge compensating centres for
34 , . L. . .
the Fe ions. After nmucleation negligible cavity growth occurs until
o . .
an annealing temperature of 1625 C (for one hour) is reached, see Figure
6.3. This behaviour is attributed to mobile vacancies being trapped
L3t . . Cas
near the Fe sites in preference to condensation at cavities. A calcu-
lation, basecd on the observed cavity growth between the annealing tem-
) o . . .
peratures of 1575 C and 1625 C and an iron impurity level of 100 wt. ppm,
shows that- the number of vacancies required to associate with all the
3+ e g : i ;
Fe is eome two orders of magnitude less than the number required to
account for the cavity growth. When this stage is completed, cavity
growth can proceed. It is suggested that the presence of iron is not
expected to alter the magnitude of ultimate growth siguificantly. How-
ever, the extent to which growth is impeded, and hence the annealing
temperature necessary for the last growth stage, would be expected to
increase with iron concentration. Further evidence which indicates that
. . o, . .
cavity growth is incomplete when annealing at 1500 C is provided by the
measurements of Bowen (16), who recorded the density variation with
annealing temperature for similarly treated MgO. His results suggest
that cavity formation is a two stage process, as our studies using

different techniques (TEM and ESR) have confirmed to be the case. In-

addition, the high precision X-ray measurements of Briggs and Bowen,
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1968 (17) showed that complete recovery of the lattice parameter to the
unirradiated value did not occur until the angealing temperature reached
about 1750°C. However, interpoulation of their data would suggest fhat
most of the recovery had occurred at about 1650°C. So, allowing for

the fact that their material was irradiated to more than twice the dose
of that used in this study, it is concludéd that there is a reasonable
correlation between the minimum temperature at which we have found it
necessary to anneal to produce most of the cavity growth and that reported
by Triggs and Bowen to obtain almost complete recovery of the lattice
parameter. To our knowledge this influence of an impurity on the move-
ment of vacancies and cavity growith has not previowsly been reported.
Here it appears that iron plays a significant role, Tt is possible that
other impurities may act in a similar way, hut this remains to be

established.
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