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ABSTRACT

During the work which forms the basis of this thesis,
8 and 12 mole % Ytiria Stabilized Zirconia (¥32Z) single
crystals have been studied from the Klectron Paramagnetic
Resonance (e.p.r.) and Optical Spectroscopy peints of view ,
in both the as grown state and after current blackening by
current passage at several current densities, Bxperimenital
Tactors limited the range of current density used to belween
0.1-5 A/cm2 for the study of optical spectroscopy and to
between 1-25 A{cmz for e.p.r. .

The e.p.,r. study was made at 35 GHz, using a cavity
spectrometer, . at 293 °x and 77 %K. These measurements were
difficult because of the low spin densities eéncountered and
because of the cavity damping caused by blackened crystals.
They showed in as grown material, the presénce of an
"F—Centre," (e~ + (0)°° + Y ion), This complex was also
seen in blackened c¢rystals., In addition, in both as grown
and blackened crystals a second line was ohserved due

3+ or Y2+. A third line, appééring only

possibly to Zr
after current passage.seemed to be more likel& to arise
from conduction electrons than from coiour centres or para-
mégnetic ions.

From optical abscorption spzctra the band gap energies
wvere calculated to be 4,50 ev and L.45 ev, at 293 °K for
the 8 and 12 wole % as grown YSZ respeciively. Attemgts
made to fit the absorption curves to the conventional
formulae Tor semiconductors showed that the only near it

was for an indirect allowed truansition and this only held

for the tail region of the absorption edge. IFor absorption




iv,
spectra of differently blackened samples, two methodsn
(transmission-transmission and reflectivity-transmission)
were apolied at 293 OK. They showed that the absorption
curves shifted non-linearly beyond 1.0 micron as compared
with the absorpition edge position for the as grown samples,
An explanation of this is suggested as due to scattcring
of light from colloidal metallic Zr particles,

From transmiséion spectra, made at 293 OK for both
8 and 12 mole % as grown YSZ, the Debye temperatures were
calculated to be 650 £ 12 °K and 666 £ 12 °K respectively.
Reflectivity and refractive index measurements were also
_made. -

Some general conclusions are given,
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INTRODUCTION

As will be realized from the general review, previous
work on Yttria-Stabilized-Zirconia (YSZ) has been concentrated
on the problems related to the determination of tie conducti-
vity mechanism, in particular to separating the ionic and
electronic contributiohs to the conductivity and to the
temperature, oxygen partial pressure and crystallographic
structure dependencies involved,

The magnetic and the optical properties of YSZ have not

been studied before. Very few electron paramagnetic reson-

-ance (e.p.r.) measurements have been reported up to now,

Casselton et 2l.(1971), perhaps because single crystal
material is not feadily available and bscause explanations

of the crystalline stability, mechanical and electrical

properties are still at an exploratory stage,
In the present work 8 and 12 mole % YSZ as grown and

d.c. blackened single crystals were studied by Wicrowave and

_ Optical Spectroscopy, in order to seck an answer to the

nature of the changing character of the current blackened
crystals as compared with as grown ones.

The structure on which the thesi?_was based on can be
summarized es follows:

After the presentaticn of the general review of the
previous studies, the first three chapters discuss e.p.r.
and the second three the optical properties of Y3Z, in both
as grown single crystals and d.c. blackened forms. Tor
each group separate chaplters give fhe related baclground
theory, the experimental techniques, snd the results and

discussions,
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The thesis finishes with some general conclusions.

Some of the supplementary experimental data is presented
in appendices.

Part of the e,p.r., work was undertaken Jointly with

ancther research student, Mr. J. 8. Ross.
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.

GENERAL, REVIEY

G.1 Historical review of Yttria-Zirconia systen

In this general review, we review progress made in the
etudy of Yttria-Zirconia solid solutions since the first
discovery by Nerst (4900).

Unstabilized zirconia (Zr0,) is little used in high
temperature technology, as Ruff and Kbert (1929),5hoﬁed that
it undergoes a monoclinic-tetragonal phase change around
1100°c. This mroblem can be overcome by forming solid
solutions with certain recommended stabilizing additives,
The addition of these forms cubic modifications which are
closely related to the fluorite structure., Examples are Y293
Duwez et.al. (1951) and CalC Duwez et.al. (1950) etc. (see
also review. _books of Alper (1970), Weber (1964) and

Ryschkewitch (1960) for other additives). The cubic

gtabilized systems so formed do not undergo phase changes

such as occur in.unstabilized zirconia., We shall return

later to the doubts, still not 6leared up, about the complete

stabilization process and the order-disorder problem,
Chronologically the earliest usage of yttria and zirconia

compositions was for obgservation_of the high temperature

electrolyteé characteristics, This was first observed by

‘Nerst (1900) who qualitatively detected the evolution of

oxygen from a rod of composition (Y203)0.15(Zr02)0.85. Hore
recently Weininger and Zemany (41954) made quantitative
measurements of the electroytic evolution of oxygen and
found that 7-80% of the current could be accounted forr by

ionic conduction depending on temperature, current flow and




previous history of the material,

Scﬁottky (1935) discussed the problem of solid electro-
lytes from the theoretical point of view,

Two years later, Baur and Preis (1937) constructed the
first s50l1id oxide-electrolyte fuel cell in the form of a
ceramic tube of (Zr02)0.85(Y203)0.15, a material which Nerst
had previously shown to possess a relatively high ionic
conductivity. | .

Wagner (1943) proposed that oxidé solid solutions of

L the type (Y203)x(2r02) contain vacant oxygen ion sites,

1-x :
L+

one vacancy occurring for two Y3+ ions substituted for Zr
ion in the fluorite-type crystal structure. He assumed that
this would lead to high oxygen ion conductivity.

Hund (1951) showed the consistency of this oxyéen ion
vacancy modelt for these oxide§_py_correla§ing X~-Ray aqd
pycnometric density data.

Kiukkola and Wagﬁer (1957) have obtained high tempera-
ture data using a galvanic-cell witnh an electrolyie of zirconia
containing calcia and demonstrated that conduction was purely
ionic.

Strickler and Carlson (1964) have estimated the oxygen
ion transfer number from the conductivity mesasurement of a
sémple of (Y203)0.09(Zr02)o.91 as greater than 0,99.

Bray and Merten (196L) have found that maximum electri-
cal conductivity occurs close to the monoclinic-cubic solid
solution phase boundary.

Dixon et.al.(1963) and later Strickler and Carlson (1965)
showed that the maximum conductivity in M203 - Zr02 s501id
solutions increased as the ionic radius of the substituted

cation was reduced,

i A




Loup et.al. (1965), Anthony (1965) and Foex et.al.(1967)
have made several conductivity measurements in the region
of composition of the samples used here.

Robert et.al, (1967) showed that the conductivity in
several 8 mole M203 - (zr, Hf, Th) O, solid solutions
increased rapidly with decreasing lattice parameter,

Caillet et.al. (1968) suggested the presence of two

types of complexes, such as (2 Y, Vo)X, neutral, and

ar’?
(YZP, Vo)z ionized, in order to explain the existence of the
two transitions in the Lnd- 41/T curve,

Casselton (1970a) found that the complexes mentioned
above were not inconsistent with the experimental data if
concentration dependent mobility due to lattice strains was
also considered.

Bauerle et.al, (1569) proposéd two mechanisms for the
-two observed transitions in the Lnd- 1/T curve for poly-
crystalline YSZ as "oxygen vacancy trapping by Yttria ijons"
and "Yttria rich grain boundary conduction."

Casselton (1970a), however; concluded that, according
to the comparative measurements made on 8,3 mole % YSZ
single and 8.5 mole % YSZ polycrystalline samples, the grain
boundary conduction mechanism mentioned- above was likely to
bé insignificant.

Pace et.al. (1969) discuss the crystalline stability of
our two kinds of as grown samples, The Debye temperature
is around 600°K, derived from the elastic constants
extrapolated to CPK.

Bauerle (1969 ) showed, by a complex admittance method,
the presence of three polarization regions of ¥Y3Z, This is

also verified in Caasselton's articles mentioned below detled
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1968 et seq, by Fisher (1970) and by Gokhshtein (1970).
Because of their importance in the present context
previous studies on d.c. bPlackening of YSZ and its consequen-

ces are listed briefly below:

Weininger et.al. (1954) pointed out that YS2Z shows a
characteristic black colour, initiating at the cathode,
whén high current density is applied.

Karpachev et,al, (1966) and Kleitz (1968) have examined
the conditions of blackening.

Jacquin et.al (1967) explained that the enhanced
conductivity during the blackening was due to electronic
contribution,

A series of articles by Casselton (1968a, 41968b, 1968¢,
1970a) contribute much to our understanding of the black
YSZ, Repéated reference is made to them in the text.
Casselton postulates that current blackening is due to
trapped electrons in-anion vacancies,; an effect which is
gimilar to that obéerved when YSZ is heated to a high
temperature in vacuum., We shall see in Chapter 3 that-e.p.r.
resultis obtained here support these two postulates,

The activation enérgy drops to a ~ 0.2 e¢v for "black"
YSZ eompared with ~ 0.7.~ 0.9 ev in the "as grown"‘material

which indicates that the pseudo band gap decreases, This

"is verified by the shift of the absorption edge to higher

wavelengths as will be seen in Chapter 6,

Friability and loss of weight have also been reported
for current blackened samples. This mechanical weakening is
attributed to a structural transformation by Guillou et .al

(1968). Gokhstein (1970) suggests it is due to a monoclinic

phasgse in the cubic structure., On the othsr hand, Adams et ,al,
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(1970) report that no monoclinic formation is observed., The
lack oi observation of the monoclinic phase, if. there is any,
by X-Ray powder methods may be explained due to the small
quantity (less than 5%) of the different structure in the
samples, Appendix 1.

G.2 The stabilization problem

G.2.1 Minimum content of yttria for stabilization

Beside the résearch of the conductivity kind the yttria
zirconia system has heen the subject of several phase
equilibria studies of which the foremost is that of Duwez
et al. (1951). According to their data a minimum of 8 mole %
_ytitria is required to achieve complete stabilization of
zircénia at a temperature of 2000°G.

Fu-kang et.al.(1963) suggested that the amounts of yttria
stabilizer required were very dependent on firing=temperature,
reporting that 15 mole % yttria is required at 175000 and a
minimum of 7 mole % af 2150°¢, These results are in substan-
tial agreement with those of Geller and Yavorsky (41945),
Dietzel and Tober (1953) and of Strickler and Carlson (1964).
G.2.2 Structure

Associated with the studies of the determination of the
minimum content of yttrja needed to stabilize zirconia, two
gfoups of ideas have been developed about the phase of YSZ.

Roth (1956) and Collongues et.al.(1961) have indicated
that a pyrochlore phase Y2Zr207 may exist in the system of
yttria-zirconia. However as Y3+ ana Zru+ have similar
scattering factors, the detection by X-Ray techhigues would
be most difficult. But Fu-Keng et.al. (1962 and 1963) re-
opened the qucstion of the existence of a pyrochlore structure

for YSZ. Although Duwez et.al.(1951) and Hund (1951) found




no evidence for this system in their phase equilibria studies,
The works of Roth (1956) and Stricler and Carlson (1964)
have detected a fluorite structure, Lastly Smith (1966)
gave convincing evidence for a fluorite-type structure based
on neutron diffraction analysis,

Oour 8 and 12 m/o YSZ "as grown" and “"blackened" crystals
have been indexed as fluorite-type structures, The details
of the calculations of lattice parameters are given in
Appendix 1.

G.2.3 Doubts about complete stabilizations

In the review paper in (1968) Barker discusses the
stab;lity of zirconia with M203 type additives by reference
to6 colleected data.

There are two groups of ideas:

1. "The substoichiometric fluorite related phases are

-formed by the random creation of anion vacancies (Hoch (1964),

Hund (1952), Hund (4965), Wagner (1943)). Thus it has been
assumed that the cation lattice remains virtually unchanged,
that the two or more cation speéies or single cation species
in two valence states are distributed at random and occupy
all the normal cation éites and the deviations from stoichio-
metry are compensated by the. random removal of anions from
tﬁe anions lattice,"

2, An increasing number of workers consider the above
model to be a grossly oversimplified (Briss et.al.(1967),
Roberts et.al,(1967), Bevan et.al,(1965), Hoch et.al.(1967))
because it ignores the effect of interaction between defects,
For example, at least one in eight of the anion sites may be
vacant in some representative systems in terms of this model
(Brisse et.al.(1967), Bevan et.al.(41965), Collongues et.al.

(1965)). Even from a simple consideration of electrosbatic
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repulsion someé degree of ordsering of these point defects would
be expected in order to minimize the interaction of the point
charges so-created. The true nature of the fluorite-related
phases and specifically the structural principle relating the
known ordered intermediate compounds, which correspond to a
series of closely related arrays of generic formula Mn02n_2
Sawyer et al (1965), constitutes one of the major unresolved
problems in the field of the solid state chemistry of metal
o0xilde systems,

G.3 The uses of yltria stabilized zirconia

Yttria stabilized zirconia has been widely utilized in
various high temperature refractory applications,

Because of their rather uniqgue electrical préperties
and considerable potential, these stabilized zirconia based
vanic and fuel cells Kiukkola et.al.{(1957), Weissbart (41962).

Also cubic YSZ makes a promising electrode material for
use in Magnetohydrodynamic (MHD) generators. This has been
shown by Hepworth et.al.(1963), and arises because ZrOQ,
rather than Hafnia for economic reasons, is oxidstion resis-
tant, has a high conduﬁtivity at 2000°C and low vapour
pressure at these temperatures (being in this respect

similar to Yttria, Ackermann (1964)) and extending stability

"down to room terperature,




CHAPTER 1
ELECTRON PARAMAGNETIC RESCNANCE (EPR)
PHENOMENA




10,

CHAPTER 1
ELECTRON PARAMAGNETIC RESQNANCE PHENOERNA

1.1 Introduction

Electiron Paramagnetic Resonance (EPR) may be defined as
a class of spectroscopic methods for examining fairly localized
paramagnetic centres, in our case in a crystalline environ-
ment; such that an absorption of energy may be recorded as a
function of the strength of an exterrslly applied field,
while the microwave frequency is kept constant. The spectra
obtained are intefpreted in terms of transitions between the
energy levels of an Effective spin Hemiltonian which contains
parameters relating to the interactions of the centres with
their environment. The magnitude and angular dependence of
these parametres can give considerable detailed information
about the nature of. the centre, L .

From the above it follows that BPR concerns only materisals
having unpaired electrons, However there are someé classes of
materials in nature such as transition metal ions, (rare
earths) having incomplete d-shells (f-shells) which fulfil
this requirement, The experimentally determined EPR data
for these mateprisls ha&e been extensively tabulated in three

review articles of Bowers and Owen (4955), orton (1959),

"Low and Offenbacher (1965) and the books of Pake (1962),

"Al'tschuler and Kozyrev (19684), since¢ its discovery by

Zavoisky (1945).

Apart from transition group ions, electronic dipoles may
arise in a number of ways; of these two concern us closcly
as gquoted below,

Point defects, such as ah electron occupying a negative

ion vacancy (F-centre), or conduction electrons in YSZ as a
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probable result of thé creation of colléidal particles by
current passage a% high current densities.

A.Prominent feature of nearly all these éases is that
we are dealing with single electrons with just unpaired spin
and almost no orbital momentum, The observed g-factor is
very close to the free spin value of 2,0023,

In Chapter 3, both as grown and chrrené blackened
gingle crystals of 8 and 12 mo}e % YSZ have been investigated
by EPR and from resulting spectra, interpretation of the
parameters in the proposed Effective Spin Hamiltonian has
been made. The tensors indicating the Spectroscopic Splitting
factor related to the paramagnetic centres are studied and
their angular behaviour with respect to the rotation of the
applied magnetic field are examined.

~Chépter 2 is devoted to the experimental techniqués.

In the remainder of this Chapter we shall give the
classical basie¢ theory of EPR and then turning to the -
quantum mechanical approach, we shall mention the interaction
energy terms with their forms modified by the strQng crystal-
line field in the total energy Hamiltonian. In particular
the usefulness of an effective spin Hamiltonian for deserib-
ing the energy levels and hence its application concerned to
the EPR spectrum will be emphasized, mainly concerned with
orbitally quenched hd1’2 = palladium group ions to which
yttria stabilized zirconia belongs, or s-electrons in the
cases of F-centres, conduction electrons ete,

1.2 Pree spin in a static magnetic field

The total angular momentum of electrons in crystalline
1attiées may be considered as almost entirely due to the

spins only; because of their quenched orbital angular
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momentum hs and the wagnetic dipole moment |t are two coincident
vectors which may be written as
k= Yhs 1.1
where ¥ is called the magnetngyric.ratio and h is Planck's
constant divided by 2T,
When we put the crystal in a steady magnetic field H
unpaired spins will experience a couple which is egual to the

rate of change of their spin angular momentum Pake (1962)

- = k%
couple (1/\1_-1 5 1.2
substituting s from equ. (41.1) to (1.2)

This is the so called "equation of motion" of the dipole
moment_and its solution, H being laid along the z-axis of a
system of cartesian co-ordinates, represents uniform preces-—
sion of the vector @ at a fixed angle about a constant vector
H at a frequency called "Larmor precession frequency" which

is given by
\-_L_JL = _KE 1-’-'-

the negative sign means ,that the precession is in the
direction of a left handed screw advancing along H if ¥ is
positive or vice versa,

The component of E along H remains fixed in magnitude
so that the energy of the dipole in the field H is written
classically

E = -t.H
In terms of the quantum mechanical Hamiltonian the above

equation becomes (as we shall see in section 1.8)




A =3P}{sz, 1.5

WIlere /6 = gz_l;ll's' is the Bohr Magneton; g is called the
"Spectroscopic splitting factor" or more commonly in atomic
spectra the "Lande factor," and its value for & free spin is
2.0023; 8, is the component of spin operator s along the
magnetic field. The eigenvalues of' this Hamiltonian are
simple, being only multiples gPH of the eigen values of

8., Therefore allowed energies are

2’
E = SPHm 1.6

where m is the eigenvalue of s and takes 2s 4+ 1 values e.g.
for an electron s = 1/2 and m = +1/2 so only two values are
possible, By substituting m values in equ.(1.6) we can find

that the two energy levels are separated by an energy of

One should'hope to be able t6 detect the presence of such a
set of energy levels by a net energy ab&orption from an
applied external source, if excitation energy is just equal

to the energy difference given by equ.(1.7)

hy = SPH - o 1.8

This is so called EPR resonance condition, where hy is the
energy quantum of the radiation applied to the crystal,

1.3 The effect of the r. T, field

The application of & rotating magretic field §1(t)
perpendicular to the static magnetic field H, of the form,

Slichter (19563)

E1(t) = I, (i coswt . j sinwt) 1.9

may satisfy the resonance condition ziven by equ.(1.8) where
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i and j are the unit vectors along the x- and y-axes res-
pectively and wis the angular frequency of rotating field
along the gz~axis.

The equation of motion, equ.(1.3), can be written,

including the effects both of the E1(t) and of the static

field H
dft
'a‘{.' = pr[ﬂ -.-Eq('t)] 1.10

In this equation the time dependence of §1(t) can be elimina-
ted by using é co-ordinate system which rotates about H with

an angular frequehcy1g; in such a reference frame §1 will be

conétant, since the axis of rotation coincides with the H.

H will also be comstant and equ.(1.10) becomes

--(E—E)R =¥ A EH ?%J)'“l_t + H1_1] ___ i 1.1

where R is for the reference rotating frame, It may he seen

from the comparison of equ.(1.3) and equ{1.11) that in the
rotating frame, the spins process in a cone of fixed angle

about an effective static field given by

w, . .
Ho = (H-%)k+H1 1.12

at an angular frequency'XHe.
The resonance condition eaqu, (1.8) can only be safis—
fied when the rotating field §1(t) has the Larmor precession
frequency“g% and hence the effective field in the rotating
frame is just HTi which produces rotation of Gsin the yz-
plane, if 51(t) is in the z-direction for example, So far,
the classical—mechanical_analysis of magnetic resonance has
been given, However it is shown by Rabi et.szl, (1954) that

detalled correlations hetween the classical and guantun




mechanical approaches can be given,

1.4 Transition probabilities

When an oscillating r,.f, field 31(t) is applied to the
cfystal in the plane normal to H, the system may be expressed

by an energy Hamiltonian

K=o +Mte) 1,13

where){o represéents the time independent part of the
Hamiltonian given by equ.(41.,33) and}{1(t) is the time depen-
dent term due to the rotation of r.f. field, Since the
perturbation is an oscillatory one time dependent perturba-
tion theory is used, as long asj{j)}}{1(t) so that the

Schrodinger equation of motion becomes

i 22 gwd 1.0
_ ot o

The solution af.equ.(1.1u) can be fouﬁd in Abragam and
Bleaney (1970), p.99 (and also for the case of 5 = % in
Rabi (1937)). It is entirely quantum mechanical and shows
that an oscillatory type perturbation}{1(t) induces transi-
tions between the eigenstates of the system with a transi-
tion »nyrobability for a spin initially in state iM) to

find itself in state II'.'Ii-l>given by

' e o 2, 2
probability = 3( B, )|, (£)] 1) * glw) 1.15
where |M>>is the eigen state of the angular momentum operatcr

J1 and the guantity g(w), known as the "shape function" is

normalized by the condition
o0
Jg(u.;) dws= 1 1.15
o

On the other hand, the radiation theory dictates that since

the probabilities of these twoopposite processes are egual,




the net energy transfer will be zero and no ®PR abhsorption
will be available,

From the EPR point of view, the lower lying energy stats
must therefore be more populated than the other. The
Maxwell-Boltzmann distribution law shows that at equilibrium

the lower lying state is in fact more populated by a factor
NL/NU = exp (hvy/kT) 1.17

than the higher lying state,
The power abscrption, per unit volume of the paramag-
netic material in the transition from the level ¥ to ¥’ is

obtained Al'tschuler and Kozyrev (1964)
Poﬁerx(N - N,.. )(¥H )2 <H1J{ (t)IN‘SQgﬁu) 1.18
. M M’ 1 "1 N/ : ’

Since the static magnetic susceptibility {Van Vieck (1932))

is

X, = const. (I\TM -NM,)<M’);{1(t)!1-fs>2
equ.(1.18)‘becomes

Poweroczg(XH1)ngu) . ' 1.19
The study of the behaviour of substances in steady magnetic
fields is characterised by the static susceptibility.
However, using also the time dependent magnetic rield H1(t)

allows us to define a cémplex sdébeptibility
g v . ” -

That, part of the magnetization which changes in phase with
the field is determined by the dynamic susceptibility ;tﬁ
while the absorption of the energy, Trom the pericdic field
by the paramagnetic sample, is determined by }iﬁ The general

] A . - i e :
relation between J and Ais given by the Kremers-Kronig

‘(. .
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equations Kramers (1927), Kronig (41926&). These disperszion
formulae give a relation between the magnitude of J(”and

the line shape function g(w).

X(w) = const.) glw) 1.2

Az has been mentioned before the shape function is found
experimentally to be either a Gaussian or a.Lorenzian type
function.

By the comparison of equ.(1.19) and equ.(1.21) the

power absorbed by the sample may be written as
Power = const. X7 . 1,22

On the other hand in experiments, & curve for the dependence
v

of the derivative form of absorbed poweroc%éL on static

magnetic field H is recorded,

1.5 The crystal field

] When a paramagnetic ion ié iﬁserted into a érystalline
structure its free ion energy levels are modified due to the
environmental interactions. 1Ideally it is hoped to solve the
Schrodinger equation for the ions of the entire cr&stal, this
of course is not yet possible. However, theré are some
theories e.g. "crystal field theory" which can suggest
solutions on the lowest and the excited energy levels of an
ion situated in a crystal of a given symmetry and modified_
by the crystalline surroundings,

Crystal field theory gives a model which is guite good
for rare earth salts, but for 3d electrons and even more 4d
or 5d electrons, the model is incomplete,

The crystal field theory assumés that the paramagnciic

ion resides in a crystalline electric poténtial whose sources

are point charges, lying wholly outside the paramzgnetic ion.
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Interaction with this additional potential is thus added to
the Hamiltonian of the free ion in order to find the modified
new energy levels, The crystalline field should have the
symnetry of the array of ligand ions and this symmetry deter-
mines the properties of the paramagnetic ionic energy states,
The group theoretical methods have served as useful tech-
niques for analyzing this problem since Bethe (1929) intro-
duced them,

We shall not go into the details of surveying group
theory, calculation of the energy states and ground state
properties of paramagnetic hd1, udz ions or special case of
ions, s~electrons, for F-centres. There are several ressons
for this,

1. In Yttria stabilized zirconia crystals, the paramagnetic

24

ions might be Zro ¥, Zr2*, Y2* for which no specific

theoreticai-wﬁgi_has been doﬂé; even moré so for
experiments. The only theory has been given for some 3d
and 4d, 5d ions in strong crystal fields, is generally
applied to other ions,

Chronologically the paramagneti¢ properties of the
iron group cyanides in terms of a strong ligand field
was first given by Van Vlieck (1935). The contributions
from the orbital maénetic_ééments, inclu&ing the effect
of spin-orbit splitting, were calculated by Kotani
(1949) Tor octahedral symmetry. The theory was
extended by Kamimura (1956), Blsaney and O'Brien (1956),
Kotani (41960), Tanabe (1960) and Sugano (1960) and,
especially for 44, 64 ions, by Kamimura et.al.(1960),

2., The effective spin Hamiltonian, which 1s used to

describe EPR experiments, can often bhe used to make
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predictions from the simple symmetry and physical
considerations without knowing the detailed erystal
field calculations.

The effective spin Hamiltonian is introduced in section
(1.7). We shall write down for resonance experiments an
effective spin Hamiltonian containing only the spin opera-
tors, The inclusion of certain kinds of interaction terms,
magnitudes and angular dependence of these interactions may
be determined by the experiment. This is given in section
(1.8).

1.6 Basic interactions and total Hamiltonian of fres ion

_We will now concern ourselves only with the interactions
which are well known from the atomic spectroscony Racah
(1942a, 1942b, 1943) within the free ion., The interaction

terms will be considered in order of diminishing interaction

energies in the Hamiltonian and the ligand interaction

(strong crystal field) will be introduced at the appropriate
point as a seqguence of interactions, internal to the para-
ﬁagnetic ion,

_—

1. Electronic energy ( 10° ¢ . optical region)

This arises from interaction of an electron with the coulomb
field of the nucleus mo@ified by the repulsive field of the
other electrons, In the non—relafivistic approximation it is
given by

*{1 = ZZ_PZ/Zm -fELZez/ri +'§i62/rik 1.23
1 <

4

with a suitably averaged electronic field with central
symmetry,., This Hamiltonian results in the electronic levels
being grouped into configurations, For example.a ground
configuration 3(13 lies 105cmi1 below the first excited con-

. . a2 .
figuration 3d7L15., The resultant mutual electrostatic
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repulsion of the clectron3, give rise to Russells-Saunders
coupling.

2, Crystal field,eﬁergyL ny. { _J\()"chrrf'JI

infrared or ogptical
region

Lhd-electrons are valence electrons for which the ligand
interaction is much stronger than the spin-orbit coupling
(Hund's rule is not obeyed). 1In the strong ligand field
limit single electron states must be used, giving splittings
large compared with those due to the spin orbit coupling
The electrostatic crystal field and spin-orbit coupling
within the atom are included subsequently., ULd ligand compl-
exes_have, most predominantly, cubic symmetry and have
interaction energies ofc:10u cm_1 or more, The residual
parts of the ligand interaction, representing departures

from exact cubic symmetry are smaller in magnitude
y y

(52102 to 103-cm*1) and their effects are often considered

as the spin-orbit interactions.

3. The next important interactions arc magnetic in origin,

The coupling between the electron spins §i with the orbital

momentum éj can be expressed as

:E.( B3538; + Pyghyly + 0548,484) - 1.2k

b.., .. arexconstants._-The first term is the

where alJ’ ij 13

so called spin-orbit coupling: In the strong crystal field
limit, our formulz must be expressed in terms of single

electron states, for example:

Hsy = § (L8) 1.25

The third term is for spin-spin interacitionz, which was
first considered by Pryce (1950) end for which one possible

form is
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; s 30sy) (U sy) |, L.
f . —_

i>) Ll

This plays a small but not altogether insignificant role in

some magnetic problems (interaction energy iswually {1 cm

-2

4. Hyperfine interaction (0-10 en 1)

If the nucleus has a spin I, the hyperfine interaction

is given by

R,=2¥ppB, } {(L"_E;ﬁ)l 4 2 Srls(r 1)} v onlsd), 5

where /QN and XN refer to the nuclear magneton and nuclear

=

gyromagnetic ratio, 1In the strong field considerations the

above equation ié reduced to ;
Hom 2 (/1) <R3 (T 1) -2 T1 ) .28

-because of the cases for orbitally quenched or s-electrons-
‘for which the spin density outside the nucleus has spherical
symmetry which is only found for 1 = o, where <r1_3> is a
measure of the spin density at the nucleus, This "contact!
interactioﬁ is due to unpaired s-electron spin density and
arises due to exchange interaction of unfilled shell
electrons with filled Enes. This term can also contribute
to the hyperfine structure splitting ef IF-centres-

5. Quadrupole energy (0—10_2 cm-1)

The electrostatic interaction of the quadrupole moment
with the nuclear moment of the nucleus will contribute an

additional energy given by

fa 10+ _ oa(n1)? | o
5 o1t -3 -5 Pes2
21-(1+1) , L X
L <

-"!).
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Up to now we have considered the interaction cnergy terms
in the absence of the external steady magnetic field, However
if we go on in the foregoing non-relativistic treatment and
introduce magnetic field we would not come across any term
for the spin magnetism, when the Hamiltonian is derived.
Relativistic corrections given by Dirac (1930) for the kinetic
energy of the electrons can only give the interaction terms
of orbital and spin magnetic moments with the magnetic field.

6. Spin-Zeeman energy (0-] cm_1)

In the strong ligand field limit, the Spih*Zeeman

interaction energy term is given by

)’(6=/5':'_';(L;+35-§;) 1.30
where the sum is over all electrons in partly-filled shells.
and where 8 is the free spinug-V31Ue. In the d-group, the
strong cubic ligand- field-''quenches" the orbital momentum
partly when it leaves an orbital triplet.as the ground state
and the magnetic effecis are due almost entirsly to the spin
degeneracy remaining in this state, These statements are
valid for ud1 and udz and even more so for s-electrons in
F-centres. In the spin Hamiltonian the ternm

H.=LPHI S 1,31

is used which considers the local symmetry as well as the
magnetic field. The shift from 9 is attributed to the
orbital contribution to the spin,

- o~
7. Nuclear-Zeeman energy (0-10"- cm 1)

Direct interaction of the nucleus with the external

magnetic field H is given by

K, =%pB1 1.

\N
e




The general Hamiltonian describing the paramagnetic ion
can be written considering all the above possible inter-
actions together

H=H|+Mz+...... "4.33

The calculation of ensrgy eigen values and then eigen
functions of the total Hamiltonian M is found following
perturbation theory which gives an anproximate value but is
still very complicated. The computation of the resulting
eigen functions becomes complicated because of the mixture
of ground and excited states after the third and fourth
perturbations,

1.6 Effective Spin Hamiltonian

Abragam and Pryce (1951) however developed a perturba-~
tion method to calculate the energy splittings of the zround
level- of a paramagnetic ion; — -

In their opinion, the ground level of the free ion is
so far separated from the higher energy levels that EFR may
be expected between 28’ 4+ 1 energy levels of the ground level
i which could only be responsible for EPR, The quantity s'
is called, the "effective spin" which describes the system
: in its ground state; it may or may not be equal to the free
jon spin quantum number, s -— -

The general Hamiltonian, constructed in the previous

section, may be shortened to the form of

K=50DS+pHYgs +5T.1+ K, + 4, 1.3
The first term represents splittings due to crystsl fields
and was introduced by Van Vlieck (1940). The operators
referring to S and I are tréated as non-commuting

algebraic quantities, An expression involving the components

...
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of opcrators iz called the "Spin Hamiltonian" and the energy
levels can then be derived as the eigen values of this
operator.

The Spin Hamiltonian has been obtained on entirely
theorétical grounds and is used to give an shorthand formula-
tion of the experimental results., If the tensoral parameters,
that is, the g-factor, the initial splitting D, and hyperfine
structure constant-m etc. are mecasured experimentally, they
can then be used to find a model of a crystal field and also
to calculate the energy levels of the ion.

The Hamiltonian equ.(1.31) is reduced to the simple

form.of . .
H=pH- 95 o 1.32

because of our observed EPR spectra and the following reasons

"4, The term S DS = O for ua1; 8 = & (for Yd+, Zr3+) )
2, The last three terms are also zero because there

was no hyperfine interaction, quadrupole (Q = O
for both yttrium and zirconium nuclei) interaction
and nuclear Zeeman interaction.

The Hamiltonian equ.(1.32) is also valid for F-centres
Markram (1966) and for conduction electron spih resonance
see Yafet (1963). ‘

As we have seen in the previouz sections the unknown
tensoral parameter E’in equ.(1.32) depends on the magnitude
and symnetry properties of the crystelline electric field,
It therei'ore follows that a more general form, which takes
into account "anisotropy" of this kind is expressed by equ,

(1.32) which is shorthand notation for
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fa BBy b ByflySy + BppH,R,

| t ByytlyBy + BBy + By Hy 8,
| + By M 8y + B, H 8y o gxnysy) 1.33

The quantities gyy = gyx""“

of the g-tensor can then be eliminated by a co-ordinate

ctc. The off-diazonal elements

transformation of the (xyz)-axes to (x'y'z')-axes system,
(known as the princival axes), V1old3n o simpler form for

equ.(1.33).

/B(gkl X Sx = By Mg By s 8y Hpr8y) 1.3

If the magnetic field H is applied in a direction with
cosines (1, m, n) with respect to these oﬂlncnpal axes, the
energy levels are given by equ.(1.6) with a g-value of

2 22 2 2 2 2 :
g =1 gx’x’ + m gyly_l + I gzlzl 1.55

The resonance condition is again given by equ.(41.8): -

1.8 Application of the effective Snin Hamiltonian

The local symmetry mey be cubic in which case g-factor

(=)

is isotropic g = gy,y, = By e It may be axial in which

case the spectrum axially symmetric in the plane perpendicu-

x'x!

lar to the field direction, i.e. g and

= ¢
wtx! gyl_yl = 8>

Bor,1 = 8y Where g, and g, are the compcnents of g
when H lies along and pérpendicular to the crystal field
direction,

Bleaney (1951) has given formulae Tor the angular

dependence of the Hamiltonian for the case of axial fields,

The Hamiltonian given by equ.(1.34) takes the form of

W= ?gJed,

.Y
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The energy levels ure simply given by g 1I, where

o~
-
L ]
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~

g = (g%l o520 + g, 5in 0)
and 6 is the angle between H and the axial crystal field
direction.

Consequently, in a crystal whose symietry axis 1is known
or seen by eye (e.g. ¢-axis of Ruby), the spectroscopic
splitting factor-g given by equ.(1.37) may be determined
from the observed spectra along and normal to the symmetry
axis., If, however, the symmetry axis is not known it is
necessary to observe the EPR spectra in some different planes,
say (100)-planes, so that, the anisotropy in g can be examined
with respect to the rotation angle of the applied magretic
field and as s result, their principal values may belfound.

Guesic and Brown (1958) give a straightforward method"
for obtaining the principal components and principal axes
of the g-tensor for 8 = %, I = d; this can perfectly be
applied to analysis of our spectra, as will be outlined
below in short.

It can be shown that experimental g(exp)-values in three
different planes about (xyz)-axes for a given (xyz) orthozo-
nal crystalline co-ordinate system, for the magnetic field

directions making angles ¢x’ ¢y’ ¢z with the y, z, X axes

respectively are related to the nine components of the (gz)—
tensor, which is going to be diagonalized, as given bélow,
2 2 2 2 s 2 2 ’ o
glexp)” = (%')yyCos ¢; + (a')zzoln O+ 2(§‘)YZCOS¢X01H¢X
2 2 2 2 2 \
a1 = ; i . Sin~ ¢ + 2 Sos@_ =t L
glexp)™ = (g )ZZCo. ¢y v (E.)xxs n uy 4 (%’)L~ o) ?yﬁLﬂ+y
2 2 2 2 A~ ot 2 PR R
glexn)” = (g )<xCos ¢" 1 (%’)yyblﬂ 0, + Z(%’)xyu0b¢zuln+z
1.38




The corresponding matrix (E?) can then be diagonalized
in order to obtain the principal components of (g?). The
square roots of these components give the principal compo-
nents of the g-~tensor. The direction qosines of the princi;
pal components can also be given with respect to thq

reference frame (xyz).
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CHAPLER 2
EXPILRIMENTAL TECHNIZU®EE

2.1 Introduction

The single crystals of & and 12 mole % YSZ used in our
EPR and optical experiments were grown by W.& C. Spiéer Ltd.,
using electrofusion methods, The starting material was the
mixture of the pure powdered oxides,

In the following subsections the preparation of the
samples and the EPR techniques used are studied.

2.2 Crystal preparation

2.2,1 Crystal orientation and cutting process

As will be seen in Chapter 3, in-order to determine the
principal magnetic directions for an observed EPR spectrum )
and relate them to the crystallographic axes one needs samples
to be oriented and cut appropriately.

The as grown 8 and 12 mole % YSZ crystals varied in
appearance from transparent yellowish brown to black and
almost opaqué, They weré attached with durofix to the
goniometer, Orientation determinations were carried out

using X-Ray back-reflection methods. Expcsures were about

- 30 minutes, using cOppér radiation without a filter and

Ilford "Industrial G" X+Rey film., The normal procedures
wére followed in order to develop the films., The positions
of the reguired direcliion were obtained to within ¢10. The
photographs taken in the (4100), (411), (110) were similar
for both kinds of YSZ. From these series of photographs
the following conclusions were derived,

1. Boith the two siﬁgle crystals have got nearly

perfect structure,
2, Evidence for a cubic structure, additional to

the powder photo results was obtained.




The samples were cut with a diamond wheel cutting machine,
without causing fragmentation, as cubes having (100) surfaces.
Long rod samples (1 x1 x 10 mm3) were also prepared for
several current blackening, vacuum reduction or heat treatment
processes.,

2.2,2 Purity of the samples

The presence of certain impurities in the material,
which could exert a profound influence on.particular proper-
ties, might result in an incorrect interpretation being made,
For this reason several analysis results of both as grown
YSZ crystals are listed beliow,

1. Qualitative spectroscopic analysis was performed by
R. A, Mostyn and Dr. Conduit, Chemical Inspectorate,
Headquarters Building, Royal Arsenal, Woolwich, Lohdon,

S.E.18+ ‘The results are—shown in Table (2.1).

TABLE (2.1)

ma jor zirconium

minor yttrium _
heavy trace silicon, hafnium 0.01%

trace magnesium, tin

2, The quantitative X-Ray Fluorescence analysis for certain
trace élements, made by Dr, Holland; Durham University,

Department of Geology, is given in Table (2.2).




TABLE (2.2)

Elements sought 8(ﬁ£$ Y5Z 1e ?égm§34
lead 0 0

nickel 760 990

copper not detected not detected
zinc 25 ' i 27
strontium not detected not detected
manganese 150 150
rubidiun not detected not detected
chronium oxide L5 384

N

5. On the other hand, twenty-six zirconias from different
places of the world including the Spicer Ltd. products,
from where we purchased our experimental crystals, had
been examined with emission mass spectroscopic and
chemical analysis Heffelfinger et,al. (1964). The

elements detected at more than 10 ppm are shown in

Teble (2.3).

TABLE (2.3%)

Elements:
(pom)
Elements:
(ppm)

Ba Ca HE

30 100 2200 50
Ne Cl -8e Ta
30 15 LO 300

Mg S 6Si T1
20 30 20 300

Comparison of .the analysis

to the following conclusions.

results given above leads

Because Table (2.3) excludes the analysis for

yttria, we cannot compare its results directly with

Tables (2.1) and (2.2). However they are in substantial

agreenment,

On the other hand, comparison of Tables (2.1)

and (2,2) is not also possible: beczuse the elements

sought are not the same,.

three analysis results,

So we should consider all
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2.2.3 The current psssage process

The current passage treatment was carried out in a
vertical tube furnace. The silica glass tube which contained
the fixed sample assembly was inserted and clamped in the
hottest 2zone.

The samples, of (1 mm)2 cross-seclion and approximately
10 mm long, were attached to the platinum wire electrodes with
platinum paste. Wet argon gas was directly applied to the
silica tube and at{ the exi% end the gas was bubbled through
silicone liquid, to prevent air backstreaming into the
apparatus,

The temperature was measured with a Pt—12% Rh thermo
couple. The d.c. currents between 1.0 mA (4 A/cmz) and 250
mA (25 A/sz) were passed at a fixed temperature of 800°C,

. _.. Which was controlled to within ¢5°C, for times ranging from -
3 minutes to 1 hour. .

When the cUrrent.paSSage process was finished the current
leads and thermocouple wires, the pipe of the argon gas énd
clamps etc. were disconnected and the silica tube was
immediately withdrawn out of the furnace, Both ends of
the tube were then closed so that the sample was left to
cool down, dropping to a temperature of uOOOC in two minutes,

After current passage the crystals became very friable,

A silvery Eonducting layer was observed which had been
reported to be due to creation of zirconium oxynitride
Casselton (1968a) and as has been suggested by Loup et.al.
(1965) it was not an essential product of blackening, The
silvery conducting layer was removed by boiling in phosphioric
acid for a few minutes at around 70°C, This Process was

repeated several times to improve the Q-quality factor of
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the cavity when loaded with a blackened sample.

The crystals heat treated in oxygen turned white and
translucent and also showed cracking. Detailed ﬁeat treat~
ment results under several tempsrature conditions and oxygen
flow rates are given in Appendix 2,

2.3 Electron paramagnetic resonance techniques

In the previous chapter we mentioned an energy absorption
betweegn the energy levels of a paramagnetic sample excited
by microwave radiation in a steady magnetic fisld, In order
to perform this in practice, the basic components which we
may need are: firsi a microwave energy source (klystron) of
the correct frequency range, secondly a cavity which concen-
trates this energy onto the sample and thirdly a detection
system which will detect the amount of absorption and then-'

display this as the qugﬁzg_gﬁlthe paramagnetic centre,

The resonance condition given by equ.(41.8) is satisfied
in practice as a display of energy absorption spectrum by
keeping the microwave frequency constant and changing the
magnetic field slowly. 1In other words, the EPR spectrum can
be obtained graphically by ploiting the changes in absorbed
microwave energy which appears as the output of the detect-
ing system versus d.¢. magnetic fields ‘B, (say_in _Tesla).

The block diagram of the Q-Band spectrometer used during
the course of this work is shown in Figure (2.1).

The power reaches the cylindrical cavity, which has been
designed for the TE012 mode, from a klystron. This cavity,
which contained the sample under investigation, could be
tuned in each of two ways; coarse, which is produtced by
changing the length of the cavity and fine, which is produsced

with a gquartz rod controlled from the top of the waveguide




asscembly Dy means of a micrometer so that there is a minimum
reflection of the microwave energy in the absence of a d,c,.
applied magnetic field., The verticsl movements of the
tapered teflon (which was controlled by means of a micrometer
similar to that used for the quartz rod and positioned just
above the cavity-waveguide coupling hole), were also
effective in reducing these reflections,

When the magnetic field is applied and varied slowly
through the point at which EPR occurs there is a small change
in the reflection from the cavity, i.,e. a net absorption of
energy by the sample, To detect this change, an a.c. modula-
tion_fiéld.at 160 kHz, which is necessary for the display of
a permanent spectrum on a CRO or to record on a chart, is
superimposed with the applied maghetic field. As the magnékic

field passes through the resonanceé points, the detecting

system receives a signal, at 160 kHz, which is amplified and

compared in phase with the é6riginal wavelform using a phase

shiftef, and phase sensitive detector. The resulting first
derivative form of power absorpﬁionc&%égf the paramagnetic

sample versus magnetic field, B, is reccrded on the X-Y

chart recorder as an EPR spectrum.

2.%3.1 Determination of the crystal orientation in the cavity

In order to know the orientation of the crystal in the

cavity under EPR conditions and to relate this to the exter-

"nal magnetic field direction, a two stage process was’

applied.

In the first stage involved relating the crystal orienta-~
tion, e.z. {ﬂOO], to the small, angles engraved on a brass
cavity scale which was firmly attached to the plunger of

the cavity, functioning as an alignment aid., A travelling
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Fig- (2.1)
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microscope with a large depth of focus was used for this.

One of its cross wires was first set parallel to the
direction of travel using a sheet of graph paper. ZEmploying
the cross wire and choosing a particular face of the crystal,
two readings differing by 180° read from the scale.

The plunger assembly was then inserted into the microwave
cavity barrel and tuned for the EPR condition.

The. second stage involved relating the cavity scale of
the plunger to the turntable of the magnet. This was done by
using a piece of fine twine stretched underneath the plunger,
its ends being terminated at fixed points. Two more scale
readingé differing by 180o were obtained from the dafum line,
In a previous experiment, the datum line (stretched twine )
had been relaﬁed to the magnet scale reading as MO being “
parallel to _the pole pieces. ____ . ] )

In Appendix 3, a derivation of the conversion formula is
given between the two‘scales being used in the determination
of the cryétal orientations versus external magnetic field
directions for EPR polar plots.

Uncertainty on the alignment of the magnetic field
along a given crystal direction was abéut less than 20.

2.3.2 Measurement of megnetic .field value

The measurement of magnetic field value at resonance could
éasily be made by using the g-marker, the DiPhenyl Picryl
Hydrazyl (DPPH) as a reference in conjunction with the -
calibrated sweep; accordingly DPPH was always mounted within_
the cavity heside the sample under investigation. T[for an
accurate g-value Al'tschuler snd Xozynev (196L), Chapter 7,
may be consulted.

The X-Y recorder graph papers were calibrated for several
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sweep amplitudes and sweep times in the magnetic field
range that the EPR Spectra of YSZ occurred, All tﬁe EPR
recordings were made at a 14.3 mT in~ (113 gauss in_1)
sweep rate with 100 % sweep amplitude and a 2 minutes sweep
time, This conversion factor helped for the measurements
of the magnetic field value of line since reading the
distance between the standard DPFH and the position where
the EPR spectra were recorded was easy. The measurement of
the mierowave freguency, with a wavemeter by the help of
calibration chart, coupled with this absolute magnetic

field value allowed the g-factor to be calculated,

2.%.3 Sensitivity of_the spectrometer-

In order to estimate the sensitivity of the Q-band
speétrqmeter, a ruby crystal (0.05% Gr203 in A1203) was used
as a calibrator. _The sensitivity_was caleulated following
the formula given by Assenheim (1966), p.76.

- i i
(no.of spins) x (power)? x (timec constant)?
~ (line width) x (signal to noise ratio)

sensitivity =

The sensitivity was calculated from the following experimental

conditions:’

no, of Cr3+ spiné: ' 1.58 x 1016

power ' T 10,6 N -

time constant : ' 3 sec

line width : 1407 Am"1(at sweep amplitude

10%)

gignal to noise -
ratio : 3 x 10’
So the sensitivity becomes of the order of 2 x 1012
spins per nT for a power of 41 mi with a time constant of 1

S€C.




2,3.,4 The low temperature experiments

In order to perform the EPR spectrum down to liquid
nitrogen temperature (77 OK) the dewar assembly is fixed to
the permanently mounted rack above the magnet.

After sticking the thermocouple wire to the same level
as the sample, the cavity assembly was inserted into a
stainless steel can whose top end was then covered with
selétype in order to ensuvre that when the nitrogen was
poured into the inner helium space of the crystostati, none
entered the cavity.

The inter épace'of the dewar was evacuated with a
diffusibn pump and the pressure was monitored with
vacustat gauge. The temperature was monitored with a
constanten-copper-constanten thermocouple using a

patentigggygp:
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CHAPTER 3
EPR BXPERIMBHTAL RESULTS AND DISCUSSIONS
3.1 Introduction

Most of the TWPR experiments have becn made at room
temperature with some at liquid nitrogen temperatures ( 770K)-
The freguency was 35,5 GHZ and the spectrometer employed 150
kHz modulation, using a phase seusitive detection system as
cutlined in Chapter 2. Thé sweep amplitude and time consiant
were 100% and 2 minutes respectively.

The angular variations!-intensities and line shapes of
the observed resonance patterns were characterised by three
types of line,

For as grown crystals two types of EPR spectra were )
recorded: "type-A" and "type-B", Current blackened specimens
showed an extra -isotropic Idne-called "type-C,"

The type-A lines were anisotropic and symmetrical, Four
lines were seén in some directions. The lines were liess
intense than and on the higher magnetic field side of the
! type type-B line. The anisotropy shows that these centres
are located in a distorted tetrshedron having a crystalline
Tield along a [11{] body diagonal direction of the unit cell,
Also, comparison of the.effects of snnealing and d.c.
biackening, vacuum reduction and oxygen heat treatment
strongly suggested that type-A lines are due to free elec-
trons trapped in oxygen ioh vacancies (F—centres).. The
centres disappearsd after the crystals had been stored
several months,

Tycve-B line: this was slighlly aniscgtropic and
asymnetrical. It was uneffected by heat freatments in

argon, air or oxygen atmospheres, The periodicity of the

L




anisotropy indicates the existence of distorted oxygen
ligands with seven-fold and six-fold co-ordinations. Ior
; asslgnment several possibilitiss are discussed., Either

Y2+ op gpdt

or both seem more likely.

Typve~C line: this was isotropic and almest overlapped
the type-B line, An intensity increment was observed with
increasing applied d.c. current density.

No extra spectra or change of the ones recorded at

0.,

290 °K were observed at 77 K.

3.2 Crystal structure - EPR
The crystal structure of YSZ is based on a f,c.c, unit
cell and desceribed by the space group Pm3m, However, there
are two subunits which may be the basic units in the EPR
study, see Figure (3.1).
i '1. Tetrahedral—(spatce group sz)' - T ”
Ligand (metal) ionslat alternate corners are

missing so that ligands Torm a regular

tetrahedron.

2., Cubic (space group Oh5)
Eight oxygen ions being at the corners form a
regular cube,

However, in practice, it is found “that the cubic oxygen
symmetry is distorted due to the charge compensation.
Barker's (1967) statistical analysis on yttria stabilized
zirconia showed that seven-fold and six-Told oxygen co-
ordinations (one cor two corners truncated from cubes) are
the most likely symmetries,., In the lztter case two adjacent

cxygens ars missing which gives rise to octahs uraj symnetry.

————

Fig.(3.1) Two possible co-ordinations of aznions and

cations in fluorite structure,
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CUBIC

Fig.(3.1)  Two possible coordinations of anions

and cations in ¢luorite structure.
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The expected EPR spcctra in relation to the ligand
symmetries may be listed as below:

1. Ah isotropic PR spectrum could be observed with cubic
symetry where charge compensation must be remote, or
if six ligand ions form a regular ocvahedron in which
case the symmetry is again similar to cubic and
spectrum should be isotronic.

For example, for the type-C centre one of the above
ligand symmetries may be an éxplanation.

2. An anisotropic-EPR could be observed if the tetrahedron
symmetry is distorted in any way, the axial field being
body. diagonal [111]. Some possibilities are discussed
in section (3.3.1) for the explanation of the aniso-
tropic behaviour of type-A centres.

3. For the slightly anisotropic behaviour of type-B line,
the superposition of two spectra having ligands with
one and two corners truncated from simple cubes secns

the most probable explanation.

3.3 EPR spectra of as grown crystals

3.3.1 EPR spectra of type-A lines and discussions

Different rotation experiments have been pasrformed to
analyse the anisotropy in the tensor elements of the spec-
troscopic splitting fac%or é“;f-the type-A lines,

The crystal was first mounted in the (4100)-plane and
the magnetic field was rotated about the sample cavity in
10o steps from 0° to 1800. The spectra observed in this
plane consisted of two lines in almost all directions,

Only oﬁe line was observed when the magnetic field was
along [0'1 U] .
The recorded EPR spectra for two overlapped and resolved

caces are shown in Figure (3.2) and in kigure (3.3). ‘The
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widths are 12.4, 17, and 10,2 m1 respectively. One point
worth mentioning here is that the width increment is
observed when the pesk position goes to higher magnetic
field values, This is maybe due to inhomogeneity of the
magnet sweep unit, so the comparison of the‘line widths is
not meaningful., In order to reach a conclusion, however,
comparison of the intensities, measuring the areas under
the derivative form of the peaks with a planometer, showed
that the areas of the overlapped and non-overlapped lines
has the ratio of nearly 2 : 1.

The positions of the lines, which were measured with
respect to the g-marker (DPPH) mentioned earlier, were
plotted with respect to the rotation angle of the magnetic

field (also the crystal orientation) in (100)-plane, as
Secondly the crystal was mounted in the (01 0)-plane and

again two lines were observed for all directions, The lines

overlapped at the magnetic field directian(1(X)>and they

had maximum separatioh from each other, at the maghetic

Fig.(3.2) The overlapped position of the type-A lines
in derivative fcrm fof the magneti¢ field parallel to the
[EOé]uaxis-in the (100) plane. As grown 8 mole % Y3Z
(1A10a), 35.5 GHZ, 290 °K.

Fig.(3.3) The separated positions of the peaks
mentioned in Fig. (3.2)., Magnetic field 10 dégreeé from
the [110] direction. -

Fig.(3.4) Angular dependence of positions of the
type-4 lines with the magnetic field lying in the (4100)-

plane. As grown 8 mole % YSZ (1A10a), 35.5 GH2, 290 °x.
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field direction.<100>. The gpectra obltained in this plane
(010) and the anisotropy of the lines are shown in Figure
(3.5).

From these two rotation experimentes it was tentatively
concluded that the {111) direction could be the axial
symmetry axis., The LEPR spectra would coincide and have the
highest g-value for the magnetic field orientation along the
{111) direction. TFigure (3.6) shows that this is the case
within the experimental uncertaintiées which are due to the
" ohstructing position of the type-B line, A line(__ ) was
inserted for comparison in order +to show the position of
free spin having g = 2,0023 which is almost equal to 8y
as will be shown below,

The angulaf variation of the experimental g-values of
_type-A lines for both two (100) and the (010) planes are
given in Figure (3.7). The data and the details of the
calculations can be éeen in Appendix L4, The full and open
circies show the experimental g-values., The overlapping of
the two experimental g-values has been performed with the

choice of two g-values belcenging to different planes but

Fig.(3.5) Angular dependenée of positions of the type-
A lines with the magnetic field lying in the (010)-plane.
As grown 8 mole % YSZ (1A10a), 35.5 GHZ, 290 °%,
Fig. (3.6) Angular dependence of positions of the type-
A lines with the magnetic field direction lying in the (111)-
plana, As grown 8 mole % YéZ (1410a), 35.5 GHZ, 290 °%x,
Fiz.(3.7) Variation of g-value for two A-type lines
with polar angle, (open circles, measured in (O10)-plane:

full circles, measured in (100)-plane,
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at the same crystal orientatioﬁ, (c.z. {100}) which is
kﬁown experimentally.

As will be seen in section (3.3.25 of this Chapter,
when the experimental g-values are used to diagonalisz the
g-tensor, it is found that the {111) axis is really the

= 2.063

axial symmetry axis with g-value components of Eqq
and g, = 1.880., All the other g-values range betwesen these

1
values for any direction of the magnetic field,

For the time being, leaving the reason of how the axial
symnetry arises and the nature of the paramagnetic centre,
the EPR spectra of type-A may be explained in the following
way:

The obéerved type-A- lines are in fact four lines,.

resulting from the EPR absorption of centres with axes of

axial_symmetry positioned- along the four possible {111)

directions, The value of the g-factor of each separate

line is given by (41.37)

g2 = gfu 00329 + qi sin2 e

© is being the angle between H and the {111) axis, For the

three orientations of the crystal relative to the magnetic

field H, it is found that:

1e H40(1OO>, every [11;]_axis forms an angle of 5L;.7o
with § and we may expect the lines of all centres fo
coincide due to the above equ.(1.37).

£. H/Z{10), the {(111) axes form two pairs of axes making
angles 35.3° and 90° with H respectively in this
case, the linee in each pair coincide and this results
in different g-values for eacn pair,

3. H é%@11>, the other (111)-axes make an angle of 72° witn

H direction, grouping the lines into one and three,




We now pass on to the ecxplanation of the azial field.
In tetrahedrsl co-ordination, the negatively charged
oxygen ion is surrounded by a cage of four poslively

U+ . h an s -
+H+ ions, If these four ligand ions form a

charged Zr
regular tetrahedron, ions are placed alternately on the
corners of the cube,'the symmetry is similar to cubic. In
many cases however small distortions occur,

If a line is drawn from the centre through one of the

by

Zr'" ions of the tetrahedron, the direction becomes the
direction cosine [11{] with respect to the four-fold [10@]
axis of the unit cell and if the ion on this line is at a
sliéhtly d;fferent distance cﬁmpared with the other three,
or has a different charge, an axial crystal field results._
The symmetry is preserved around this axis so that g-values
emain. constant without.being dependent on the magnetic
field direction,
The best possibiiity for creation of the axial field

along [111] is the subétitqtion of v+ (ioniec radius =

N

0,92A°) with Zr'* (ionic radius = 0.79 A®), Pauling (1927),

because of the differcnt ionic radii.

3+ with

As will be seen in Figure (3.1) replacement of Y
any -of --the Zr%+ ions numbered zr(1), zZr(2), 2r(3) and Zr(4)
will alwvays give rise to an unbalanced axial field along
one of the body diagonal <j11> directions., For the whole
érystal'it may well be possiblé to find four body diazonal
{111) directions.

The other possible lons which may cause this axial fieid

are Y2+, 7r

24 X cqs s X . :
3+, zr°t, The possibility of the existence of

these ions and others will be discussed in section (3.3.3).

In all these cases, we consider iwo contributors to the
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creation of the axial crystal field; the "size" and the
"charge" miafits,

Thé most probable explanation of type-A EPR centre is
an electron trapped in the oxygen vacancy (an F-centre).

It has already been posiulated by Casselton (1968b) from
the conductivity measurements that "“"the electrolysis
phenoménon observed at high current densities arises by
electron-injection.from the cathode metal electrecde into
the ceramié. If the applied voltage is sufficiently large
so that the rate of oxygen ion transport awa& from the
cathode Zzone exceeds the supply from the surrounding
atmosphere by the reaction

%C@(gas) + Vo 4 2e —a-Ozh 3.1

a large concentration of vacancies may be set up in the
would overcome the metal-ceramic potential barrier, some
of the injected e¢lectrons would be trapped in anionic
vacancies, giving rise to color centres."

We have very convincing evidence vased on the EPR
results, in favour of this postulate. This evidence also
allows us to assign the paramagnetic centre, causing the
type-A line, to a trapped electron in an oxygen vacancy.

The series of EPR experiments explained below will show
that the type-A c¢entre disappears with heat treatment in
oxygen and argon atmospheres but re-occurs again after the
current blackening process; this may be explained according
to the above equ.(3.1).

1. On the crystal 1A10n of 8 mole % YSZ, a rod having
dimensions (1 nn® X 10 mm). the following treatments

were made and XPR spectra were taken for cowmparison ati
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room temperature,

(a) Crystal 1A1On1 (az zrown)
Result: type-A lines were present.

(b) Crystal 1410ny, (annealed in the same conditions

| while crystal 1A1On3 was d,c. blackene@ in argon)
Result: type-A lines were not present.

(¢) Prom the current blackened rod, under the

| following conditions of (1 A/cm2, 10 m, 80000,

in argon), two pieces of samples 1A10n3 and
1A10ng were examined.
Cryétal 1A10n3: (majority of the sample piece
was as grown with very little blackened part),
Result: type-A lines were present again.
The type-C line intensity observed was
extremely weak; this.may be due to the. very
small number of spins of the small blackened
part whicﬁ contribute to TPR.
Crystal 1A10 3 (a completely blackened piece
was used). .
Result: the type-A lines were much more
intense than the one observed in the annealed
-specimen 1A10n,. . —
In addition an easily seen type-C line was
present. The details of the type-C line
will be given in section (3.4.2).

2., The following spectra were taken from 1A10q and 1410q

3
of which 1A10g9 was annealed and 1A1Oq3 was d.c.

blackened in the conditions of (25 A/cmz, 1 nr. 800°%
in argon).
(a) Crystal 1A10q (annealed in argon).

Result: type-A line was not present.
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(b) Crystal 1A1Oq3 (d.c. Dlackened),
-Result: type-A lines were exist and type-C
line was much more intense,

Casselton's (1968b) other postulate is based on the
reverse reaction to the one given by equ.(3.1) and would be
due to the heat treatment at a high temperature in an inert
atmosphere. In this case the source of trapped electrons
would arise due to thes reaction

-2
0 —— '1502(333) + Vo + 2e ' 3-2

In order to increase the detectable number of spins &and
also to be sure to create centres (oxygen vacancies with
single electrons) we first heated the sample in oxygen and
then in vacuum,

As will be seen from the following results that second
poétulate ig also verified for type-A—Iines,

1. Crystal 1A10e (as grown) was recorded and
type-A lines were observed.

2. The same crystal (as grown above) 1A10e was
heated in O, at 1100 °C for 2,5 hrs., O,
rate was 25 cc/min, cooled in 05.

Result: type-A lines were not observed,

3., The oxygen heated crystal was then vacuum
reduced in the conditions of 1072 torr at
1100°¢ for 3.5 hps,, ¢ooled down to 200 °C
over 6 hrs,

Result: type-A lines were observed again
although they had disappeared after oxygen
heat treatment.

As it was shown before, like the current hlackening

process, vacuum reduction had re-created type-A lines.
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We now se¢e that Casselton's postulates aboutb two reverse
processes based on trapped electrons in oxygen vacancies
are found to be satisfied for the type-A paramagnetic
centres,

Previously reported F-centres in Alkali IHalides are
reviewed by Marknam (41966) that they have g-values between
1.987 to 2,0029 and line widths 5 to 80 mT which also
support our assignment of type-A lines as duve to an F-centre,

The possibility of the assignment of either the type-A
or type-B lines in as grown materials to any OH centre can
immediately be.rejected because, probably due to the growing
process (electrofusion) of the crystals, (as will be seen in
Chapter 6), no peak incorporating OH™ has been observed
optically around 2.8 microns with either kind of YSZ.

However it has been shown to occur in a number of materials _

.grown as single crystals by flame fusion, for example,

Y203 shows a very weak but sharp absorption band at 2.75
microns, Wickersheim et.al.(1961).

Any possibility of the aSSiénment of tyve-A due to an
electron-hole or a complex like (Y, ., Vo): which has been
proposed by Caillet (1968) on .this basis of his conductivity
data can also be rejected because of the non-observance of __
EPR spectra on the lower magnetic field side of free spin
value, (According to Hund's rule the g-value is bigger
than 2,0023 when the electronic shell is more than half full),

12 mole % Y3Z (as grown)

With the same procedure as used for 8 mole % YSZ
crystals, the EPR Speﬁtra of the 12 mole % YSZ as grown
materials have also been recorded., They have not shown any
differences at all on the type—-A and type-B lines and no

extra spectra have been observed.




The angular variation of type-A lines are shown in
Figure (3.8), at room temperature,

Low temperature spectra of as grown ¥YSZ

The investigation at 77 °K hss shown no noticeable change
of type-A and type~B lines, and no extra new spectra were
observed,

The angular variations of type-A and type-B lines are
shown in Figure (3.9) for crystal 1A410a,

3.3.2 Determination of the g-~tensor for type-A lines

We have already mentioned in Chapter 1, section (1.8) that
the principal g-values and their corresponding direction
cosines may be détermined from the experimentally found
g-values,

We have also shown in Chapter 3, section (3.3.1) that the
variation of the experimental g-values calculated from the
EPR recordings (see figure (3.7)) with respect to the crystal
axes in two perpendicﬁlar (100) and (010) planes of the
as grown érystal 1A10a (8 mole % YSZ) at room temperature,
perfectly overlapped if the (4100) crystal axis is accepted
as reference for this procedure,

A computer programme has been written in order to

calculate the principal g-values and the principal axes

Fig.(3.8) Angular dependence of positions of the
type-A lines with the magnetic field direction lying in the
(100)-plane. As grown 12 mole % YSZ, 35.5 GHZ, 290 °K.
Fig.(3.9) Angular dependence of positions of the type-a °
and type-B lines with the magnetic field direction lying in

the (100)-plane. As grown 8 mole % YSZ, 77 °K.
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(direction cosines) of these principal values with respect
to the crystal axes system as given below,.

In order to run the computer programme three experimen-
tal g-values with their corresponding angles measured from a
chosen reference crystal axis (e.g. ¢{100>), and the crystsl
plane numbers are used.

The simultaneous linear equations given below

2 2 2 2 . 2 . 2
g11(exp) = £,,C08 @11 + 2g__cos 11aln¢11 + ByyBin ¢11

xy
gfz(exp) = gix0052¢12 + 2giycos¢1zsin¢12 + g§YSin2¢12
331(exp) = giycosz¢21 + 2g§zcos¢21sin¢21 + 8§251n¢21
ggz(exp) = giyc032¢22 + 2g§zcos¢ezsin¢22 + gizsin¢22
g§1(exP) - gixsin2¢31 + 2gixcos(l)3_1sin¢31 + gizcosz¢31
g§1(exp) = éixsin¢32__; §é§;cos¢jzsin¢32 ;mgi;cosz¢32

are solved in conjunction with the #88P subroutina programme
called "SIM Q." The solutions gix, giy, giy, giz, g?z, giz
etc. are components of the g2 (3 x 3) symmetric tensor.
It is necessary to diagonalise this sé the # SSP subroutine
"EIGENY is used for this purposce., This gives a (g?)mtensor
whose off~diagonal elemgnts are zero and the square roots of
these diagonal components are the principal values of the
g-tensor. The principal axes are also calculated.

The computer programme has been run for the experimental
g-values, angles and plene numbers., These are tebulated with

the corresponding calculated principal g-valués and principal

axes in Teble (3.1).
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TABLE (3.1)

Exp. g-values : 1,963 1.880 1.963 1.880 1.963 1.880
Angle (H and (100)-
axis) : L5 135 45 135 L5 135

Plane numbers : 1 1 2 2 3 3

Principal g-values: 2,003 1.880 1.880

Principal axes : 0.577 0.390 -0.717
0.577 ~C.816 0.024
0.577 0.426 0.696

The principal g-values in Table (3.1) being 2.003, 1.880,
1.880 indicate the existence of an axial symmetry for the
g-value of 2.003 with direction cosine 0.577; (arc cosine
0.577 =-54°44"' veing the angle between the axial field and -
the [ﬁOQ] direction of the crystal).

- - With thre use of the simple~trigonometric relationships
“Tor a;cubic structure, it is found that: the angle e1
(between ¢111> and <100)>) and 8, (betweén ¢ 111> and £110))
are 5&04{' and 35°21" respectivgly. Two conclusions can be
dérived fronm this,

1. The axial symmetry axis is the body diagonal {111)

direction of the crygtal.

2, If we re-write theé equ.(1.37) mentioned in Chapter

1, section (1.8)

i
g = (gizn cosze + g'isinze)2

and substitute the calculated gﬁB = 2,005 and
g = 1.880 values for the angles 91 - 54°44 "' and

62 = 35021' one by one¢ in the ahove equation, we
find two g-values for the maegnetic field direc-
tions along the {100) and {110). These are shown
in Figure (3.7) with Tull squares and fit quite
well with the experimental values,
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For comparison the calculated and experimental values are

given in Table (3.2)

TABLE (3.2)

. g-values
Angle Calculated Experinental
0, = 5uou1" 1.922 1.921
6, = 35°21" 1.96h 1.963%

3.7.5 BPR spectra of type-B line and discussions

The type-B spectrum of as grown crystals of YSZ has been
recorded with the procedure explained in section (3.3.1). In
Figure (3.40) the asymmetric type-B line seen in the (100)—
plane is shown'together with type-A lines for comparison.

The slightly anisotropic behaviour and the width chahge
were observed as shown in Figure (3.9). The width changed
betweén the values of 1041 and 641 mT corresponding to the
{110) and {100) directions of the unit cell, The g-values
were also found to be 1.997 and 1.990 respectively at maximum
. {(100) and minimum {110) positions.,

The heat treatment of crystals (see Appendix 2) in argon
and oxygen atmospheres or vacuum reduction seemed not to
effect thé typé-B line,’ This result can be taken as an
indicat;on of the centre being a paramagnetic ion. The
_intensity of the line decreased quite noticeably over a year
during which the specimen had been kept in room temperature

in air,.

Fig. (3.10) 8Spectra observed in as grown 8 mole % Y3z,
Magnetic field 16 degrees from [ﬁOéﬂ direction in (001 )~

plane; 35.5 GHz, 290 °K.
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Discussions of EPR of type-B line

Why is the type-B line assipgned to a cation?
1. The possibility of assignment of the type-B line to
a cation arises because of the symmetry of the local
ligand as has been explained in section (3.2).
2. As has been mentioned in section (3.3.1) assignment
: to an OH ion or to (Yzr, Vo)° is not possible,

E Caillet (1968) has postulated that:
. 7 s ]
Yzr + Vo —n(Yzr, Vo) ' 3.3

as is seen from Figure (B.ﬁ). Lel us assume that
substitution of YO for zrtt causes an oxygen ion
to vacate its place, This would act as if it had
a double positive charge., Assume further that
this makes Y2*_.y** with a trapped hole of charge
+1" gt the centre of the Vetrahedron. ~ Under these
assumptions if we say that type-B is due to Yu+,

we should have observed a “hole" resonance as well

as on the lower field side of the free spin value

; according to Hund's Rule. But we have not seen

such a "hole" resonance speectrum, Following the

same argument the re-occurrence of the other V, U

centres is also not expectied. (Fof detailed dis-
cussion see for instance Low (1962)).

3: The unaffected behaviour of the type-B line due
to heat treatment of the sample in various atmos-
pheres at high temperature (=~ 1000 OC) may be
cbnsidered as an indication of a paramagnetic ion

rather than a colour centre Low (1962),
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What is (or are) then this (these) cation(s)?

In order to give the most plausible identification of the
type-B line, the possibilities are discussed in the follow-
ing section,

In YSZ samples the possible paramagnetic ions (excluding
the effect of the impurities mentioned in Chapter 2, section
(2.2.2) with their electronic configurations are:
zeo*(3p”), 2rt(ua’), zePt(ua®), YH(3a%), YPHua').

1. The creation of ¥u+ and Zr5+ ions during the growth process
is not possible because as will be seen Trom Table (3,3)
in both cases the ionization energies required %o maintain
charge neutrality would be excessive, since in every case
the ionization reguired would be from a filled electron
shell, 1In faect when Y2'O3 is introduced into the ZrO2
lattice the yttrium occupies normal lattice sites while
a certain number of oxygen sites are left vacant, Hund
(1951). This is preferable to the formation of either
Yu+ or Zr5+ which would be required if all sites were to
be filled. On the other hand the occurrence of a
complete range of solid solution from the fluorite to
the C—tyﬁé body centred cubic lattice, through a pro-
gressively 1ncreasing number of oxygen vacalcies,
strongly support this;Coullough et.al.(1952), Bruner

et.al.(1951).




TABLE (3,3)

Values of the ionization cnergies (in ev,) for
zirconium and yttprium togethcr with corresponding
ionic radii (in Ao). The jonization values were
reproduced from Griffiths (1963) p.379, Hester
(4965), tahle 5.1, Cotton and Wilkinscn (1962),
table 30.1. The ionic radii were taken from
Gmelins Handbuch-der Anargonishen Chemie 8,
Auflage-Zirconium p.103.

Ionization stages

R > 3 b 5 6
Zircoﬁium )
Tonization En: 6.84 13.13 22,98 34,3 39

Ionic radius: 1,58 1.33  1.11 0.93 0.80

Ytbriom
Ionization En,: 6.38 12.23 20.5 77

2. The ions ZrB* and Y2+ are the best candidates for type-B

single line rather than ZJ:-2'+ which should have given three

lines,

The reduction energies {or ionization energy differences)

A ' 2 4
for ZI')++ to Zrot is 11,32 ev and for Y’* to Y2+ is 8.27 ev.

These indicate that zplt+ 3+

24

may be more easily reduced to Zr
| than Y2+ to Y 7 Mott and Gurney (1948) p.102. However, as
: the ionization energies do not diffef very much, we might
expect both ions; Zr2* and Y°* to be created, The
asymmetric_gppégrance of the line might then be due to
overlap of these two ions' contributions, (This assumption
might also explain the fact of the directional broadening)
as well as the distorted ligand effects.

The reported Y+ EPR by 0'Connor (1963) with g = 1.994
4 0,005 fits our mean g-value 1.993 closely. There is not

3 . , 2 .
any data Ffor Zr’t and very little for 2r°* by iatamura
y

(1963).

1; | | N
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As pointed out by Ahrens (41952) "because the ionization
energy differences between the ionization states are low, no
low valence states of zirconium can be found in a geological
environment., Because of this, the oxidation up to the
quadrivalent state is always immediate." 1In fact, if type-B
is due to Zr3+ only, the disappearancé of the line after one
year may be understood according to the fact just given above,

-The lld as well as the 5d transition metal ions are known
%0 be more covalently bound than the 3d ions and this gives
rise to a stronger crystal field. The strong field ground
state of the La’ configuration is (d )1(té), s = 5. The
g-factor in the octahedral (6 co-ordination) symmetry can be
written in terms of the orbital reduction factor k as g = %
(2k + 1) Griffiths (1961) p.365. From our results for Zr34'
slight anisotropy fdr the type-B line indicates that the
crystal field ies not"cémpletely octahedral so the atfempted
fiﬁtiné may be questionable,

why is the line shape asymmetric®

1. It seems unlikel& that the asymmetric shape is due to
unrgéolved hyperfine structure., The only nﬁcleus having
nuclear spin othgy_tpan zero is ngjmwbigh is only 11%
abundant (Assenheim (1966) p.181) and is unlikely to be
effective at this small level,

2., The asymmetric appearance due to overlap of the two Zr3+
and Y2+ ions' contributions has been mentioned before in
order to explain the directional broadening of this line,

3. It seems however that distorted l;gands due 10 oxygen
vacancies are the most plausible explanation for this
asymmetry; the slight anisotropy may be due to very well

established oxygen deficient character of the crystal
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3l Ef? spectira of current nlackened crystals
3.4.1 Review of conduction electron swin rescnance

10.

in melLals

Conduction electron spin resonance (CES

eyperimental and theoretical

to the usual EPR of localizcd spins,
The first CESR, observed by Griswold.” (1952
very fine particles of sodium in paraffin wax,

was obtained with a g = 2,000 <+

78 gauss winich was independent of temperature,
The first
of the reported CESR

(3.4).

results in metals are shown

Yafet (1963).--

'I!

systematic work was that of Feher (1955).

R) studies, both

,. are extremnely scarce compared

was due to

A resonatice

0.005 and a line width of

Some

in table

Several reviews surveying the previous theoretical

and experinental work on CESR are also given by Knight (1951),

/

TABLE (3.4)
CESR, properties of metals
Half width (T ( rauss ) Temp.depen-
s _— dant line reference
minimum room temp. width
Lithium 0.1 0.1 no Gueron (1365)
Sodium 0.1 7 ves Vercial 106h5
Potassgium 0.15 12 yes "alsn 1966&)
Rubidium . 0.4 - . yes Wals 1568b)
Caesium 25 - = - no- ochult z( 1566
Copper 8 yes Schultz(1965
Beryllium 1.0 1.2 yes Pouszn ?‘1965<
. Hagnesium 150 yes Bowring 1971(
! Aliminum Schultz(419266)
! 35 am . G5
Eéiﬁig;umz no resonance observed Feher (1955)

The obszerved spectra for the metzls listed

no rcsonances were obhserved in ke,

16

Al, Pd,

¥nowledge of the & itivity (40 sninz pe

or i.

o Jerstadl at

in Table (3.4)

are sufficiently narrow, i.e. within the detection limit of
the eguioment. The CFSR absorptions in metals investigated
by Teher (41955) were with I.i, Ha, R, Be, MKz,ALl, Pd, 3 but

®rom the

Lo




temperature) the spectremeter had wut an upper limit to the
spin-relaxation time of the above metals of T2< 5 x 10_105_

According to Elliot (1954) the principal thcory of CESR
Tor metals can be summarized as followa:

The line width is related to the conductinn electron
spin relaxation time which in turn is dominatzd by electron-
phonon interaction through the spin-orbit coupling., In
materials which have short relaxation timss and hence larger
inherent line widths, the resonance will be more difficult
to detect., Yafet (1963) gave more refined formulae concern-
ing the relaxation time

‘However, in the case of Smalllparticles Kubo (1962)
pointed out that relaxation processes are likely to be
gsignifiéantly modified. Recently Holland (1966) has shorn-
phat the eleqtqgg—phgnon 9catteriQ§ should be strongly
.inhibited in particles which are sufficiently small (1css
than 100 Ao diameter)., As =2 consequence of this the spin-
relaxatiqn.time should be increased by orders of magnitude,
thus CESR should be more easily observed in small particles
than bulk metal, For particles smaller than the 4100 A°
limit, he expects a temperature independent Dbroadening
a shift of the resonance line. Then as the partic le size
increases, the line width narrows and a temperature-
dependence of the width begins, Finally a furthsr broadening
wilth incressing size qhows that the Elliot mechanism becomes

dominant.

[ o]
[

The line shape for CBESR has been given by Dyson (193%)

ll

Tor bulk specimens where the sample dimensions =are both
greater and smaller than the microwave skin denth.
Soime of the observed CRSR due to metalliz (colloid)

particles in dielectric crystal matrices are given in




mable (3.5).

TABLE (3.5)

Some CESR and optical data on colloidal
metallic particles,

Mebzllic how v}éfi 1 ngicgl P
particle createq , V4D g-value avsorps Ref'erence
7 (gauss) tion(Aa~)
Li (LiH) Irra.uv = 0.3 2,002 6500 Doyle (1959)
K (XBr) addi-
tively 6 1.9997 7500 ain (1968)

The detection of a CE3R signal is a non-trivial problem
since the nunber of effective spins is usually small due to
the small skin depth in metals and further the lines are
broad. Several original technicues have been vsed besides
the classical methods; e.g. selective-transmissicn, Lewis
et.2l. (1964) or Bolometer detection, Schmidt et.al,(1966).

We'ﬁﬁﬁld'eXClude reviewing the CESR made on semi-
conductors, (due to electrons in their conduction bznds),
because of ealing with an insulator such as YSZ. However,
injectiqn of the electrons during current passage intrcduces
electrons to the conduction band of the crystal and some of
them are trapped in the donor levels (oxygen vacancies) so
the material may be considered a doped &emiconductor in the
blackeéned condition. TiE& CESR in semiconductors is different
in two ways from that in metals,

1. In order to populate the conduction band, shallow impuri.-
tizs are nceded but the effect of the donors appsaring as

electron traps cannot be neglected Kodera (196l).

no
.

The possibility of varying the conduction electron concen-
tration permits the Fermi level of the electron gas to

be changed, Duncan et.al. (1954) p.1171.




The question arises, how can colloidal particles bLe
recognized? Some possikle methods are:

1. The temperature independence of the intensity of CESR,
The guseceptibility of conduction electrons is temperature
independent in contrast to the approximate 1/T dependence
for paramagnetic ions, Kittel (1966), p.LhLh6.

2. The closeneas of the observed g-value to the free
electron g = 2.0023 suggests threé possibilities; CESR;,
an organic free radical or a transition metal ion whose
orbital angular mowentum is almost gquenched.

3. The optical scattering and optical absorption bhands
observed in the visible range, These alsc show tenpera-
ture independent behaviour as well ax a shift to longer
wavelengths which may be due growing particle sizes,

L. Prom nuclear magnetic resonance, measuring "knight

shift." Bvidence for the metallic character of the

precipitates was obtained for instance by Levy (1956)
measuring Knight Shifts for potassium and caesiuvm pre-
-cipitates in frozen liquid amwmonia solutions.,

342 The EPR spectra of current blackened samples and
discussions

In the (100)-plane, the EPR spectra of current blackened
samples showed that a symmetiric spectrum (type-C) was
observed in addition to the type-A and type-B lines, on the
higher magnétic field side but almost overlapping with the
type-8 line, This is shown in Figure (3.11).

The isotropic position of the type-C line for two 8

Mg.(3.11) Spectra observed in current blackened 8

mole % YSZ. Magnetic field 5 degrees from [io@] direction

in (001)-plane; 35.5 GHz, 290 °k,
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and 12 mole % YSZ samples are shown in figure (35.12) and
Figure (%.13) respectively, including type-B and type-A
lines,

The recorded IR spectra showed that the line
intensity increased with increasing applied current density.
This had ranged from 1A/cm2, the minimum for a detectable
type-£ EPR signal, to 2E A/cmz, whiéh was almost the upper
limit firstly because of the friability of the sémple
during current passage and secondly due to almost complete
lowering of the Q-factor of the cavity.

The line width was measured to be 5.0 £ 0.5 m?T
(50 £ 5 gauss) with the g-value of 1.985,

It seemed that the line hzas lost soms of its

intensity over a year in a sanple which had been kept at

room “tenperature, in air,

Fig.(3.12) Angular dependence of positions of the
type-A, type-B and type~C lines with the magnetic field
orientation., Current blackened 8 mole % YSZ; 35.5 GHZ,
290 °x.

Fig.(3.13) Angular dependence of positions of the
type-A, type-B and type-C lines with the magnetic field
orientation in current hlackened 12 mole ¥ YSZ; 35.5 GE4,

o
290 K.
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The following tactors may also be telen inbo account as

support of the assignment ol type-C to conduction electrons

the colloidal netallic particles of zirconium
Having a g-value of 1.986 very close to free spin g-value

2.,002%,

When the svin-orvit coupling constant of Zr metal is

compared with Cu see Table (3.6) for which CESR have
been observed as seen in Tabie (3.4), It is found that
because of the line width dependence on spin-orbit
ceupling (as has been explained in section (3.L.1)),

it is possible to expect tc observe CESR for Zr metal.
It becomes wmore plausible whén it is in the form of

fine metallic particles.

TABIE (3.6)

Valucs of the 01e—electr0h spin orbit coupling para-
meter (in cm ') of Zr, Y, and Cu reproduced from
McClure (1959), Table 8,

R mi
Cu 5d91 818
¥  ua ss? | 225
ar . ba®ss® 355 -

If it was due to colloidal particles, because of the
symnetry of the peak, the size of the particles is
gmaller than the microwave skin depth, (the skin depth
for Zr metal is about 30 microns at 35.5 GHz). This
does not conflict with the optical scattering datsa,

from which a particle size in the range 10-50

millimicrons was estimated.
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An alternative approzch is suggested i€ we look at the
situation from different angle and suppose that the type-L
line is not 2ve to conduclinn electrons of the metallic
particles but rather to conducticn electfonﬂ in the
conduction band of the crystal which have heen created by
electron injection during the current passage process,

In order to populste the conduction band, we need to
inject electrons. This was_eviaent in our experiment &s
the intensity of the line seemed to increase with increasing
current densivy. On the other hand vie must not neglect the
effect of the donors (oxygen vacancies) acting as electron

traps.
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CHAPTER L

THEORY OF OPTICAL PROPRERIIES

L.4 Introduction

The concepts of the optical properties, in relation to
the ezperiments given in Chapter 6, will be given here,
Interband transitions, the absorption edre and the optical

constants are stressed most,

4.2 Background theory to optizal =oroperties of YSZ

L.2.1 Band structure of transition metal oxides

Most of the general features of the optiecal nropertics
of these materials have not been extensively siudied, Reviews
off the elec¢tronic structures of the transition mctal and
rare earth compounds can be found in the references of

Morin (1958), Adler (1958a, 1 96ob), Methfessel (1969),
Falicov (1971).

L.2.2 Interband transitions

The behaviour of the optical constants near interband
edges, in other words at the absorpticn edge, concern us
mostly.

The predictions--of ,4he Quantum theoretical-calculations
for the direct and indirect trunsitions near interband

edzes are based on the well kaoown band theory, resuvliing
from studying the cne-electron approximation problem in a
spatlally periodic field of the pure crystalline semi-
conductors Callaway (1984), KclLean (41960).

The energy depsndences of the absorption constant, X,
which is propertional to the imaginary part of the compliex

. . N . . X . . . .
dielectric constant € for the direct and indirect transi-




8‘)

..

tions are piven helow.

Direct transitions

With direct transitions, the ahsorption of electro-
magnetic radiation is explained as the interacbicn between
radiation and the electrons in the material.

1. Direct-allowed transitions

2 / .h'\.-'\' L4

2. Direct-forbidden transitions

(SR

K of (hw - Bg

3/
KX (hw - Bg) 2/ fw h.2

Indirect transitions

Transitions of the indirect type invelve simuitaneous

interaction of electrons with the electromagnetic radiation

- and the lattice vibrations.

3. Indirect-allowed transitions

Ko ("{iw - ng <+ E‘p_)zfﬁw Lh,3

L. Indirect-forbidden transitions

KX (le - Eg + Ep)B/'i:iw . Ll

These power laws can be checked against experimental
data to see whether a fit to one type of transition is

obtained, This has beeh attempted for both & and 12 mole <
as grown YSZ samples as will be seen in Chapter 6, seéction
(6.2.2).

The problem of how to apply these theoretical resultis

to ¥Y8Z, which has yttria as an impurity in zirconia, is

somewhat unclear, To consider the exact optical absorptinn

(3

in the presence of perturbavions such as impurities, it is

necessary to set up the more general formulation of the

-

Xubo approach, Bonch-Bruevich (1955),
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h.2.3 absorption edge

The rapid increas

~

2 in absorption which occurs over o
small energy range is & common feature of the opticul absorp-
tion spectrum to all semiconductors when the absorbed
radiation has an energy roughly equal to the energy zan of
the semiconductor or insulator. This is callzd the absorp-
tion edgé,_Eg, of the material,

The lasrge increment of absorption is due to onsetl of
absorption in which electrons are raised from the valence
band across the forbidden energy gap to the conduction band.
A study of the position of this edge and the internal struc-
ture may give some information about the energy gap and the
properties of electron states Jjust ahove the conductiﬁn band
edge and below the valence bpand edge, Because these states

cloze tq the conduction and wvalence band edges also determine

‘the electirical properties of the material the exploration ol

the absorption edge becomes extremely useful.

I'or photon energies larger than Bg, the material is
opaque; for energies smaller thén g, transparent. Here the
work has been devoted to the investigation of the region of
transparency which givés us information about various

imperfections in the lattice (e.g. impurities, defects

phonons, charge carriers),

exponential (or Urbach) behaviour of the absorption constant
with photon energy. An Urbach (1953) absorption edze obeys

the rcelztion
K = K, exp (¥' (hw - 3g)/xi) \ b

the valuz of ¥' in the ahove empirical relation approprists




aly.,

for Urbach edaes is observed to be nearly always close to
C.5 corresponding to & rate of fall ofl! in K al room tempera-
ture by about a factor of 10 per 0.1 ev. (Bee Davies and
Shaw (1970), Frig.15).

The Urbach e¢ffect is cbserved'in many crystalline
solids notably the Alkali HHalides. A unique ezplanation for
the effect has not yet been Tound. However, several explana-
tions have been offered for the Urbach edze: Hopfield (1968),
Toyazawa (1964.), Hahr (1963) sugszest that it is the low
energy side of a temperature broadened exciton line,
Redfield (1965) proposes an electric field broadening of the
absorption edge. 1In the absence of exciton formation this
is the Pranz-Keldysh effect. Dexter (1967) considers a
quadratic stark effect, the electric field arising from and
hence varying with the lattice vibrations, Davydov (1968) .
; . proposes excitation from vibrationzl sublevels of the
lattice to account far the exponential edge and its change
% of slope.with temperature. Dow and Redfield (41970) have
E solved the oroblem of absorption with exciton formation in
the presence of an electric field and propcse that the
Urbach effect arises from an electron field broadening of

an exciton.

L.,2.4 Optical constants

Optical measurements do not determine the material
constants ¢ and e” dirgctly, wut determine relate
guantities, the so called optical constants: the refractivs
index n, and the attenuation index %k Tney are regl and
positive numbers.
For optically isotropic }Muc rizls, such as cublic Y3Z,

the optical constants describe an electromagnetic plane wave
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in the medium, This can bhe considered sy follows

E(t, ) = I, exp r-- iw (t - x (n ~ ik),/c‘] L6

wnerce the electric vector I lies in the yz-plane, the

refractive index n gives the phase shift of the wave, the

attenmation index k gives the attenvation of the wave,

1))

Instead of n and k we may use the complex refractive

index
N = n 4 ik . .7

The functions n(w) and k(w) can be connected by a dispersion
relation (called sometimes after their discoverers Kramers-
Kroniz relations) and various useful modifications are dis-
cussed by Moss (1959).

In practice, the absorption coefficient K(cm_1) is

used instead of the attennation index k

K=%\Ek L.3

f it the wave equ.(4.6) is substituted into the Maxwell
I . .
ﬁ equations

N2

€ (w) k.9

is obtained from which real and imaginary parts of the

dielectric constant is found to he respectively

¢" = 2Znk L.10

m
i
>
I
b
.
—

Hormal incidence reflectivity

In the case of norral incidence, the cemplex vectors

v the reflectesd and inciadent waves ¥

4 . are connecte
—or' ~oi = v

ol

% . o= »v(t L4
—-0r / -‘L..(-)l r‘( ,) jol




86,

where
: o Iw } _-.'."...1. =
r7) = R{w) I 413

The ratio of ihe intensities of the waves are measured in

the experiments. We obtain

)
2_(1’1-*-1)'_ +k2

R(w) = Ir(w) ; b1k
1)2 + kZ

(n

+

where r(w) can be expressed as complex number

(M

r(w) = R(w)? exp Eikp(wﬂ L.,15
R(w) is the reflection constant. ‘The phase angle P(w) is

given by the relation

n + k -_1 ’

which is connected mith the amplitude R(w) by a dispersion

relation which was first obtained by Jahoda (41957)

.17

\p (w)

1l
|
==

-
5
m@
Qu
—

Thus the phase angle\p(w) can be calculated if the function
R(w) is measured over the entire spectral region and n and
k can then be ohtained from equ.(l.16) and equ.(lL.il).

Normal inhcidence transmission

When the crystal is transparent in order to 6btain the
optical constants two_quantities such a3 the reflectance and
transmittance of the same crystal slice (RT-method) or the
transmittance of the sample for two different thicknesses
(T -method) are msasured at each wavelength,

The complete formulae for the transmitted and reflected

intensities It and I, respectively for incident inftensity



http://ob.ta.ined
http://transmittan.ee

™~
Lad
=~

e~ [(1 - )% 4 um Sinzso] " ,
TRAD e - \ 1
~o (1 ~-Re Kd) + hR e Kd sing(y)+oo

I R (4 - QQKé)2 b e T g%

+ bR e gip® ( P+ex) -

D .19

where E is the abhsorption coefficient; 4 is the layer thick-
ness, R ig the coefficient of surface reflection; T and D are
the transmission and reflection coefficient of the entire
layer,

If no interference ffinges are onhserved because of for
~example surface roughness, the. equ.(l4.18) and equ.(h.19)

take the form of;
2
2 K
I (1 =R e (4, £y |
L, © n = T L.20

o - e
, _ p-2Kd

-

H -2 R

In (R (4 - e~°Rdy o1
'T_ = 2 "2Kd = D LI-.!—-l
0 1 - Re "

These eguations show that n and X can be found from T and D,

C o . 2 2 , ce o
For most transmission experiments X {n". If d is further

2 —2Kd

chosen %o ensure that R'e K, equ.(4.20) takes the

extremely simple form of
# = (1 -Rr)? ™ .22

Hence K can be faound simply from the trangmission off two

» ey

samples of different thickness withoult knowinzg thse sucrface

reflecticn of the sanple, provided the voellcctiviny of

ganples iz the same.
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Vle have appliced this (TT-method) to our as grown both
8 and 12 mole % YSZ and current blackened samples as they
will be seen in Chapter 6.

This method differs from the 1TT-method in that T, R
are directly measured quanpities,

The initial Formulae are equ.(4.20) and equ.(4.24) the
shortcoming of this method compared with the TT-method is the
need for preparing a sample thick enocugh with one polished
surface. Only then can one determine R by eliminating
reflection from the opposite face, in this special case D

becomes equal to R. Absorption coefficient, K, is obtained

" from equ.(4.20).

OTRZ ' .23

- (1 -Rr)? +J(1 - R)* 4+ 4TR"

1
calculating k from equ.(L.23) and equ.(4.8) we determine the

refractive index from

2,2
n . L1tR Jur - (1_-R)k L.2h

+ - R
which was derived from equ.(L.14). This method was applied
to current blackened samples at room temperature, see Chaptier

6, section (6.5.1.2)., . .- -
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CHAPIER 5

SAMPLE PRUPARATION AND EXPERIMENTAL TECHNIQUES FOR
-OPTICAL STECTRO3COPY

5.1 Introduction

In this chapter we are concerned with the instrumentation,
technigques and sample preparation for the measurement of
optical absorption coefficient, reflection coefficient and
refractive index of the as grown and blackened 8 and 12 mole
% YSZ. The electron probe microénalysis results are also
included as part of the search for information on the

character of the blackened crystals.

5.2 SAMPLE PREPARATION

5.2.1 Polishing procedure

5.2.1 .1, Polishing progedure for the as-grown samples -

The order of the absorption coefficient, X, may be

estimated using the approximate criteria of K.d ~1, Tauc

(1966). For the single crystal K is about 10° e

value may increase up to 106 cm'i1 for the thin films of the

, (this

material) so the sample thickness around or less than 100
microng can be chosen-as a reasohable value.

Successgive abrasives were used fof-surface polishing, ——
finishing with 1/4 micron diamond, A Logitech lapping
machine was used. The parallelism of opposite faces of the
crystal slice was good, giving a wedge angle of 1es§.than
0.05 degrees. Using Olsen's data (0Olsen (1964), fig.8) and

knowing that the refractive index was 2.18, the errcr in

the transmission spectra was estimated as 19,




5.2.1.2 Polishing wrocedure for the current blackened samiles

During the Ffirst cxperiments on current passage, using
samples about 100 micron thick, both polished faces were
used for apnlying platinum paste contacts; the experiments
always failed, due to cracking near ihe cathode end, whatever
the current density. Later 1 x 4 x 8 (mm)3 samples (in which
the thickness was increased) were prepared from unoriznted
single érystal niece and current blackened following sxacily

the same procedure as explained in Chapter 2, section (2.2.3).

. " - . .2 .
For current densities of 20, 60 and 80 mA/cm no blackening

b

was observed in the cathode region, Further iqvestigation
showed that a current density of 0.1 A/cm2 seemed the lowest
value (with 2,5 volts potential difference applied acroas
the 8 mm long sample) for blackening due to d.c. current

passage.

For transmission ezperimenits samples were nrepared with

¥,

N

current densities of.0.1 A/cm2, 1 A/cm2 and 5 A/crn”. The
last value (i.e. 5 A/cmz) also seemed the highest applicable
current density still yielding uncracked samples, The
blackened samples were later polished following the procedurse
explained for the as grown ones., When the friable character
of the material after current passage is borne in mind,
limitations due to the difficulty of preparing thin samples
(esgecially Tor the second thickness measurements on the

same sample) may be appreciated,

Hh.2.2 Samole cuality examination

The polished crystal slices used Tfor the transmissicn
exparinenss were examined under an osrdinary microscope

(magnification x 100} and no pull out or scratches hawbeen
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observed. The polarizing microscopce with crossed polareida
was used to examine possibkle departures fron isotropy, by
rotating the stage of the microscop=. In as grown crystals
no anisotropy was observed. 3Iimilar =xperinents could not
be made for the current treated samples, because they were
not transparent to the visible light,

The two Laue-Back reflection photographs taken on the
same surface of the sample 1415d (8 ™/o ¥3Z) which had
blackened (cathode) and unblackened (anode) regions indicates
¢ that no major change is observed on the perfection of the

- sample.

5.2.% EBlectron probe microanalysis

- ——t

With the Geoscan eleciron probe microanalyser made by -
Cambridge Instrument Company the following as grown and
! current blackened samples were analysed by Dr. A. Pechett,
University of Durham, Deparitment of Geology. The conditions

used were.

analysis at : 15 kv

standards pure Y and Zr, ozxygen stoichiometric,

corrected for dead time, mass absorption,
fluorescence, atomic number,

The current passage procedure was applied as explained
in Chapter 2, Then the samples were ground down, polished
to a 41 micron finish, stuck on a glass microscope slide with
'Take side 70' cement and coated with carbon.

The analysis results are given below.




m
1. Sample 1A15e, as grown 8 "/ YSZ

zr(%) Y(®)  2r0y("/o)  ¥,05("/0)
RBdge 63 .29 11.068 85.498 14,563
Centre 6%.0,0 141 .766 85,154 14,942
Cantre 62.976 11.427 85,068 14,511
Tdge 3.028 11.755 85.138 14.902

Result: The differences between the various point

analyses are not significant and may be

attributed to experimental error.

2. Sample 1414, 8 ™o ¥SZ, current blackened, 5 A/cmd

- . zr(%) ¥(%)  2roy("/o) ¥,05("/o)
Anode end
(yellow) 63.011 11.479 85.116 14..577
Junction{brown) 63.754 11.376 86.119 h.uh6
Cathode end
(black) 6L4.318 11.013 86.880 13.985

Result: There is a slight suggestion that there is a
gradient in composition scross the specimen,
i ' but the error in experimental method may be

misleading.

3. Sample 24224, 12 /o Y52, current blackened, .1,A/gm2

The analysis of this sample showed 19.00 v/o yttria
content and was also uniform across the unﬁlackened and
blackened parts.- . . }
Inh these experiments the estimated precision was better than
i 2 9 pelative, e.g. 2r = 63.04 £ 1.16 9,
As a conclusion, it may be said that, for both 6 and 12
mols % current blackened YSZ samples, no noticeable change

was observed in the amounts of the Zr and Y compared with

m

as provwn crystals. This result seems consistent with the
' [

; , ) . . 6 ..
almost non-observable cation conduction (410° times less than

oxygen) for calcia stabilized zirconia,
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5.3 EZAPERINMENPAL TECHNIZUES

5.3.1 The spzctrophotoneters

Several different specltophotometers were used for
transmission measurements depending on the spectral range
chosen. The other instrumentis used for reflectivity and
refractive index measurements are also described below,

lost of the transmission measuremenits were mede by
using this instrument in the range of .25 to 2.5 microns,.

The instrument is a double beam, grating, snectrovhoto-
meter with a chart pen recorder. Two kinds of lamps;
Deuterium (.185-.360 microns) and tungsten (.360-3 microns)
are incorporated with the two phctomultipliers for the ranges
of .2-.7 microns and .7-% microns respectively. For the
principles of operation and more details, the reader is
reférred to thé-ﬁéguélé. o

2, Model L57 (Perkin-Elmer)

This spectrophotometer was used for the transmission
measurements in the range of 2.5-40 microns. This instrument
was fuvoured to the Spectromaster partly because of the
large range of wavelengih scannced and partly because of

having a bettsr resolution (U en”]

at 3000 cm™l ).

3. Hilger and ilatts

This monochromator was used for reflectivity and
refractive index measurements in the range of visible
. wavelengths,

L. Moncchrom (Grubb-Parsons)

AR

This monochromator, type PH 2, MNe.3 was used Tor the

reflectivity measurenants in conjuaction with a zlass nrism

fs

! and guartes iodene lamp in the range of .o~

Fo
>
18]
3
|.l .
0
=
oA
o
-
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5.3.2 Experimental performance and data handling

5.3.2.1 Transamission measurements

Measurements of the snectral distribution of the trans-
mission of 8 and 12 mole % YSZ as grown and d.c., blackened
samples have teen made at room temperature and temperaitures
close to that of the lidguid nitrogen. The wavelength range
covered in the measurements was from .25 to 2.5 microns.

The measuremnaents were made using an Optica Cith -DR
continuously recording specirophotometer, To use small
crystals for transmission measurements, some kind of gample
holder was necessary. 1t was covered with a matt black
gticking tspe to minimize unwanted reflections.

The procedures followed, covering several lamp, detector
and filter change-over points, are given below:

Lamps are aligned

O and 100 % sets at .350 microns

Red filter in, ﬁhotomultiplier changed at ,510
microns and O and 100 % sets made

Grating changed, new O and 100 % sets with red
filter-at 1 micron -

Green filter in at 1.2 micron

Yellow filter in at 1.8 micron

End at 2.5 micron

Low temnerature experiments

For low temperature experiments, the crystal slices
were Fixed with silicone compound to the 'copper finger'
which formed the bottom of the ligquid nitrogen reservolir of
the cryvostat, which had silica windows, It was heid undor
evacuation continuously during the exwveriment and one

£illing viith nitrogen lasted 40 minuts2s. Thz temperature




[}

was acaoured i o conntwer-consbunson theroeounle ctlached

to bhe conper 'rainee' clete to e sanple,  Tovrkaily bhe

n7 ©

tenperaiture ran sl arount Ka

5.3.2.1.1 Derivabion ol _L’--'.t ahoor Lion L(_‘.:.h auient vith

e mem o —— v e ——

Ppoiigsion~ 1u.leui‘1u‘1 G faeed \ .-—IClul” i)

Pandiyr Py SR - —— - = am— st

Tuis wags worrlicd teo oo agroun und currcnt blacioined
samples in the rorge of .25-2.5 microns,

vitheut huoosing the rollection ceef{icicie, the zau,
(4.22) iz used [or this ourpose. The transwmissions were
recorded for tvo differe:nt thickacoe:cs of the game crystal
d1 and d2 which were measured with a dial «sauge,

In order to make the calcuwlations to obltain absorption
cocfficient, K, a computer programue was written using
Fortran - 4; one of the versions is shown in ‘I‘able (5.1).
The bulk of the data inpnt is pairs of numbers corresponding
to the sample trausmission at each wavelength, the reading
interval was so chosen with the absorpition in nird thot the
longest wavelennth points are separated by 100 AO, the
shorter ones by 50 4° and the shortest by 20 AO. The outonut
consists of a row Tor each point with columns containinz the
wavelength, enerysy in e¢v, absorption constant, K, in cm"1
and several povers of K.in order to find out the type of

band-to-tand transition,

5.3.,2.1.2 Derivation of the ahsorntion coefl

et e - e 4= A—— B8 e AR i oaeg ¢

Rellcctiviby-"wransuission natiod

This metho.l -ras avplicd orly to the current bluckmned
sample exawnined =t ronm temmirstvre in the racce of H-2.5

4

microns., Altor the surfnee rolflection gouflicicnt Yo

measuirced on the onc polished sursace ol Lhe 2 1w thick
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TABLE (5,.1)

i DIMEMSION TH{90), EC(Y06), AK(90),AR1I2(90), EAKIZ(40), EAK2(A0)
L. DIMENSION T1{00), T2(90)

Y WRITE!G, 20)

] WRITE(G,21)

v WRYTE(G, 22)

5 20 FORMAT (15HYTALS COMPARED:)

i 21 FORMAT(LSHTEMPERATURE  :)

7 22 FORMAT(1SHDATE )

) WRITE{G,13) :

1’ 13 FORMATINY, OHWAV(A), 5%, GHEC(EY), &Y, GHAK(CH), 2¥, BHAKI 2 (CH)
[ 2, 1Y, DIHEAKIZCEVCHM) , 1X, 10HEAKZ(EVCM) /)

7 REAU{S,3) IMAX, WAV . )
5 3 FORMAT(ZIB) '

L COREADIS, 1) (T1(1), 1=1,IMAX) -

> TREAD(S5,1) (T201), 1=1, IMAX) T

o 1 FORMAT(20F4.1) _ :

o EAD(5,4) D1,D2

FT 4 FORNAT(zﬁz.q)

r "~ DIF=D2-D1

1 WRITE(6,7) DI,D2,DiF

- 7 FORMAT(3IFT7.4)

2 -IN(13~lhAv

» COECL)=1.247 IW(LD)

i E(1)=10000=E(1)

o DO 10 1=1,1HMAX

iz L . . |'.'-‘!("l‘1)-'=|W(|)+3@

i CECI+1)=1, 207 TW(T+1)
W ~  E{1+1)=100002F{)+1)
10 CONTINUE
- DO 15 |=1, IMAX _
AK (1) =ALOG(TL(1)/T2(1))
AR =AR(N)/DIF
AX12(1)=SQRTCAKCE)) _
- EAXIZ2(1)=SART(E(1) = <(l})'
EAKZ (1) =EAKI2C 1) =+l 0
- WRITE(E, 2) 1W(1), EC),ARLNY, AKL2.01), EAY]Z(Y) EAY.2(1)
2 FORMAT(110,F10.3,F10.1,F1C 2 F12.1,F11.1)
15 COMTINUE
RETURH
END

- —_ -

[ eiLe
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i FEE A TS S oo lens W 2ot 100 miceann ona

Pttt e el ved bo w1/ mleeon Linish,  The

L. SatLon L dbren rocorded dn e swso vovelsnoth rouge,
Vool oo goofUiedenl e anleulated Cvon cauld b, 23)

S TR W | woin e Ui measured voalues O oroillacehion

L1 Y A L4003 T il mh2aiulrcd vauluesS OL I'CLL2ChlOlL

coi. ooty oruikenduston T owand tho samoele thiickneos d.

omne writben o malie the calculabions

L [ R . P
e e l_:_: NG X,

1.R, rezion

The ilonociirem Grubb Parsons,

type PH 2, 'n.3 monochromator
was ujcd vith the glass oHricm and ouzrtz iodens lanp,
The sample, polished to a 1/L nieron finish, was fixed

-‘-"

with durolix onto the glass slide benids two vieces of glass

which had silver evaporated on them. Care was taken fo
‘snsursz thne porallslism ol the thres pisces by observing ths
continuous refllecvion of an object Trom the three surfaces.

An ordirar.: lamp is used, chopvned with 10 ¢/s chopper.
The light is dstuected with a photo diode in order to have a
referaencs sizgrel for the phase sensibtive detecting system.
Anoth2y light heam, vhich is alco chopoed with 10 ¢/s chogwner,
comez Lrom guarts iodent lzian source which reguired a current
of about 6 ampcre,

The rectanxular area of the monochromatized beam is so
adjustes thet, uvsing a lever, the booe 1z 2lloved te reficct
once fro the zosnle and thon Trom silver, acsepted as a
stanlurd., Reflections sre read as milliveolis from the stan-
or ezcn wavelonshh, 1n order

dard ar: sanols rveseaecoi.ly,

wvas rovloeceted Meon the sowde ardl b slandard at o a wesvelenyth
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TABLE (5.2)

A CCHPLTER P'(H:i'-‘..-'"‘.l'. I ('lefl TG CALCULATE
THE ABSCEPTICH CCHSTANT ALL THE REFLACTIVE ITREGEX
UBSHIEIG R l' li:H("J
DHEENSION L(106), 50160), 1(100),T(100) ,AKCLGO),
IARTI2(106G), ANCLLO) , E1Cu0), E2(100),
22010160, uCLoa), viicy), v1(1uu>,v2(10e),
1F.L\l(b),_1' !.'J(‘),a-._(l.u(l) £3(100),Y(100),
’anlbU),tnl(J((J,n )(...u"),l '-1(1(:()) “')(.L(:}),
SuGCLe0) , Anz2(100),h20300), ¢ n_\lud)
\'l“\ITE(l_J,'I'_\

I\T(J.].- (,.UE.'-e'SI'i"l':)
IT(J.J.- Tl CRiitsse)
nT(UH GATE:)

SATC U TELPIRT)
rL(b, Jbl
l ll :'\I(L!n,l. Ai, 54
1 Lf\,'l‘l!l\' d-l—' rn, 2H
ILA”(),J) ” AR
READ(S,2) (LYY, 1=1, liiAX)
r"EP\D(i,Z) (ilby, =1, HIAX)

—-—.—.-,._._._.——.-—.-_-
'
-—__ _,._

L LHE, B2, LR, B, 18T, bi, 2HAK,
AU, 6A,2HEL, 54, 211E2)

- — —READCS, 2y (T(1) , -l--=-1-,_|_i'.'ii"a.:i".)

..I'.L(.J,J) i
FOFRI. !T(F_E:-.h)
FORLATC(LIS3)
FURDAT(LGES.5)
bl=1.06/L
LG 11 1=1,1i.AX
RiCi)=n(1)==2

GC1)=2,G=TC1)=1(1)
v(il)=1.,0-i(1)
VI(I)=V(])#=2
Va(l)=vi(l)#=2

T =T )wwi

L) =L, u=TIOD)sR1{)
LE(I)“LQKT(V2(|)+LL\|}) -
LaC)=czCl)=-V1Q1)
YOPY=ALLCCULCL)Z745C1))
ﬁﬁ(|)=ﬂf‘u(|‘
ARLZ(T ) =sianTARKCE))

CCHTIHULE |
DG 10U 1=1, AKX

ECH)=1.2L/%i(1)
ELCH)=ECI)*ARCT)
COHTIIUE

Gl=4,0%3, 1010
G2=1,0/61

00 12 1=3, 1A
EA(i)—(dﬁ:h\l)ﬂ‘(l)
£ 1) =0,6001=EX (1)
X2 |)=lf(1)-n?
COnTILUE

DO 13 1=1, 1{AX

B2 CH)=h. 0w () .




TABLE (5.2) Contd,

g L= 1K »adi-vn B ow I o Bien B
CY R S WP

NNNNNNA o
(SR VEE SO - Y L= R

it UF FILE

Ui OO

1)=CEX(])==2
RICD)=VLI(1)=£21(1)
RECH)=0201)-R3(1)
RECD)Y=5GRTRECE))
ROCD)=1.0+R(C1)+1.5(C1)
l"\l(l)—-’\':‘(l)/‘(l)
AN2CT J=AL (] )ex2
ELC)=AN2(1)=-EX2(1)
E201)=2,0=ANC1)=EX(CT)
WRITE (L, 160) 1), E(
Al ( 1Y, E2(1

[ r 7 3. 1

T

U

0.3, FE 5, T L h)

100,

D) RCH),TC) , ARCEH) ,AKL2(1),
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ol' .6 microns.

5.5.2.2.2 Refloclivity weasurements in the visible region

tos e - e o = et

The apparatus used during those mesauremsents was describud
by Burton (1957).

Heasurcmenls were made over thc wavelengtn range of L3920
to .640 microns. The polished sanple to he examined was
levelled by a press on a metal plate and transferred to a
small stage whare it was kept in a Tixed position by zmall
magnets throughout the mzasuremsznts. This sample carrier
stage was fitted on the microscope stage.

The black glass No: 31023 standard, calibrated by
Wationsl Physics Laboratory was used because of its
reflectivity (about 10%) being much closer thalt of to the
samples under investigation,

- -~ ~The reflectivities were measared as intensities of
light reflected from the 'black box,' standard and the
sample respectively by a pho;omultiplier in conjunction with
.a digital voltmeter.

All measurements were taken in air and at room tempera-
ture. In order to correct for the primary glare due to
reflection from the back ;f the objective, a "hlack box'
reading was taken each time and subtiacted from the meésured
standard and sample readings. All readings were taken as
maximum and minimum and the reflectivities were calculated

using the followving equation for both maximum end minimum

R

(Dg x Rstd) / Psia 2.1

S

¥

where D, and D ., &re the digital voltneter readings sfter
[} [~

the subtraction of the 'black box' reading.

The experimental er Eggmauyﬂcted to be &£ 0,57,
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5.3.2.3 Refracbive indcx measurcnonts

In conjunction with the Bollingham & Stanley Ltd.,
table spectroueter and a Hilger & Vatis monochiromator, Lthe
refractive indices wore measured in the visible ranne
applying the minimum deviation wmothod.

yfhen the light passes through a piece of transparent
solid bounded by two faces malking an inclwded angie, A,

with one enother, the 1lipht is deviated trrcuzh an angle

i

at which the iight Talls on the Tirst face ol the prism
formed by the inelinad faces. “fhen within the vrism the
iight travels in a direction eqgually inclined to the two
faces; the deviation is a minimum and the relati of A and

D to the refractive index n is given by

n = Sin ((4 + D)/2) / Sin A/2 5.2

qlnce the maximum valuc of 8in 1/2 (A + D) is unity there
is a limiting value of A equal to 2 Sin~ (1/n).

The prisms of both 8 gnd 12 mocle % ¥YSZ were cut from the
large single as grown-crystals. Because the crystzl had a
cubic structure and was therefore isotropic no special
account was taken of orientation. The anex angle A of the

.. . v s i L0 )
prisms was so0 chosen that it should bhe less than 30 accord-

ing to the above criteria. The prisms were cut by a diamond

cutting machine and were polished to a 1/4 micron finish.
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CHAPTER 6

EXPERIEEITTAL RESULTS AUD DISCUSSINIS OW THXL PROPIURTINE OF

PO D
L SA l-'iP.Ll_"lL;

A

n

GROGI AIT) CURRENT BLACKWNED Yt

&

6.1 Introduction

This chapter is concerneq #ilth the measurements and
evaluastion of' the optical constants of as grown and current
blackened ¥S8Z crystals, from their sbsorpiicon edge doyn to
some lover enzrgy where tha phonons are dominrating.

The absorption speclra were observed in the vavelength
regioh of .25-2.5 microns., The TT-method (for as grown
samples only) or both TT- and RT-methods (for current
blackened samples) were used. One part of this study was

to determine the energy gzsp and ultimately to obtain some

information on the band structure. The gpplicability cof

transition laws based on pure semiconductor crystalline
material to a disordered ¥YSZ is discussed.

For transmission, the wavelength regicn was extended up
to L0 microns. The recordings were made generally on single
crystal slices though for some details powder forms webre
also used,

)

Reflectivities were measured from .39 to 2.5 microns,

The refractive indices were nmeasured at visible wave-
lengths using the minimum deviation method and a single

crystal in the form of & prism,
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sanples and

-~

Go.2.1 phngeniicn

To det - coine the positior of clectronic trannitions in

Y3Z the vbsorytion spuctra of Lhe maberisl was examinced in
Lhe vwevelen: i vegior of 25 to 2.5 microans.
for Lhis purposc, the sboorpticon coefficient, K, v.s.

vavelsneth evvves were derived for both as groun 8 and 12
3 (%)

noelz Y872 canpeles, (usiag the TP-nethod

o]
e

@xylained in
Chupbter H), from the trarsmissions rscorded for two difTercnd
thicknesses of the same urcriented samples,

Pigure (%.1) shows the positions of both 8 anl 12 mole
9 ¥3Z curves al room temperature, For both crystals, the
absorntion constants show# a sharp increase at around ,274
ang .278 microns and have a broad tail extending to .500 and
«530 micronn respectively.

The sharp increase (absorption edge) will be analysed
in section (5.2,2.). The most interesting experimental
result is the appearance of an optical tail occurring at the
absorption cdge. 'This lail corires.oonds tc the absorption of
low energy phostons, Cﬁw‘(Eg where fg is the forbidden gan
enargy) and could be intevpreted as arising from transitions

/

between localized states; if the densiiy of states varles

os]

exponcentinlly with energy, an absorption edge of this form
would he exspceied, Taus (1969).

Low iteriperatiare abscration sgectra

At lowv topmperabures the absorntion apnzcetra way reveal
cercain absernelion bands due to onbtical transitions Lutveen

B e e WATEE. o) sea SNmEELE a- hrs M IRFinng BAS TSR M8 Teafes TraPohBea ——— e oy At s = v L SR ek el e SRk hens afeaR g ee U a2 A A A

Fig.(5.1) Absorntion coeiflicient versus wavelength in

8 urd 12 Noels T34 crystels, 1481052 and DARDG, as proun, at

&
4

room boomeratuee,
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3 Fig.(6.1)
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the pround state anﬂ excited encrgy levels of the dnpurity
in the meterial, As mentioned in Chaptur 3, the cxpecied
impurity ions were Zr3+ or Y2+ which were assigned as the
paranagznetic ions causing the tyoe-B line. In Fact, the ,i
optical spectra of Y2+ in CaF, reported by 0'Connor and Chen

) showed four absorpﬁion bands at wavelength .225, .335, J
400 (the strongest) and .580 microns at 20 °X,

Howegver, the low tzuperature (~s 87 OK) absorption spectra
of 12 mole § Y87 as grovn sample shown in figure (6.2)
no detectable change; apart from the @light shift of the
position of absorption edge, from .273 microns to .268
microﬁs. Thus there is no evidence for the impurities just
mentioned. However the experiment should be repeated at

températures around 20 %% or less to be sure about this

interpretation,

6.2.2 Absorpticn edge

The absorphion edze is defined as the point where the
slope of the absorption coefficient is a maximum, Hoss (1559),
p.40.  The energy gap determined by extrapolating the short
wavelength part of thg curve ard then finding where the
actuai ebsorntion coefficient is half the extrapolated
value, Thus,” oa the Twk v.s, Hw plots of the two crystals,
drawing the extrapolations on the steepest part of the curves,
we obtained two band gap energies Eg1 = 4,50 ev and Egz =
4,45 ev for the 8 and 12 wmole % ¥Y3Z samples respectively.

The optical energy gap of monoclinic 'Z.ro2 wazas found to be

.20 microns (4.99 ev) by Benderaitis and Salomon (i965),

Pig.(6.2) Absorption coefiicient versus wavelensth in

7

12 mole 4% YSZ crystal, 2A22j, as grown, at &7 °g,
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- Fig.(6.2)
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230 microns by Conlon and Doyle (1965), which are comparsble

L}

Attempts have heen made to £it the curves to the conven-

tional formulae for semiconductors with varabolic bhands, The

most frequent wsed ewpression is (see Chapter L, section
(Lha2.2)).
- K o¢ (w - Bg) /]’fv 6.1

Flots of”ﬁwK as a function of photon enevgy have been drawn

SJ.

(fizure (6.3%) and Tfigure (6.4) for both 8 and 12 mole % VSZ
sanples) in an attempt to find a fit with one of the transi-
tion laws, The gradients of the separate parts of the

curves show that:

For 12 mole % YS7

Two gradients, n, and 5, change between 5,6 and 1,87
espectively. Hence neither the direct allowed, direct
forbidden of indirect forbidden transition rules are
satisfied. The only possibility is for an indirect allowed
transition for wirich the gradient should be n = 2, Even
50, this only seems to be satisfied for the tail region.
For the rizht hand side of the curve, the gradient n3

is well above the values wihich could be Titted. to any one
of the transition laws.'

For 8 mole % YSZ

The same sort of extrapolations give thc following

gradients, = 2 and né = 1.4,

nl
1
*for the highest ensrgy part of the curve, the gradient

/ 3 1 Y b | ~i Nl .
n,, is also well above the values to be expected for one of
2 .

ig.(6.%) WK versus hw curve in 8 mole % ¥YSZ cristal,
1A15e, as grown, at room Lemperatwre,
_L -} : o] nf R -
Pig.(6.4) hwK versus hw curve in 12 mole % V3% crystal

2A227, as grown, at room temperature,

’
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Fig.(6.3)
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Fig.(6.4)
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Bemgern,en } 4o T e
Thie tranocliiic, Lavwu,

-

Phese roueliy chhion Lhad Lao assigront off i owtical gan
irom ifdtvir o Toelvlae of b brpe ziven aove 13 a dubaous
procridure,  torechersowu the rorose of auinorntlon conuionts
accousionle vo unulyuis was rolune snell nmelking it difficult
o cnoose noLEeen possible valuves of n., PBut i1t wvan delinitely
established thot fov the slove in the hishest encriy region
n3 und n% » nunere n = % or n o= 2, Tnis immedintely
disqualir'ies tne posaiblility o airect or indirect cllowed

transitions,

Calculations by Lanyon (1$61) and

the variation of the absorpition coeffi

photon energy should rcflect the rase

R

band states fall off with energy into

of the steepest vortion of the edzes

.photon energy, fallinz; in the ratio e

anerpy of 0.06 ev for both types of as

Because YSZ cryutals are cubic, L

changes are to be exvected on the abs

recordings msde on the three-lold arnd

>

samrples shosed no difference froam the

6.2.3 Transmicsion susctra of as

SN

fall

aue (1969) show that

nunction or

k4,

ciagnt as g

at vWhich the valence

m

the g The slopes

ap.

grxponentially with

-

for a ciuange in

crovn sample,
o orientation depenient

ption edge. The

four-fold oriented

unoriented cnes.

and currcnt blackencd

of .25 -NC micrcons

sampics in the vavelenstn rqg;pn
The transnissiorn soectra of &as

and currerns blacsened Lannles wcre

grown 9§

measurasd

and 12 mole « V3%

thin single

* cryatal slices in the wavelerith resion of 0.25-10 micronu,
usine the Gptica (M-D ani Derkin-Flmzr molel 4137 ziectro-
pnotonsters,

As scen Upnm U4 worz (K.5) tae sunctra Tor & melc s vin
Jﬁ‘j.l;:.'\c-:}) Trassiiccion v.oravrs —“-“—:;—1-1.““!0]’:"—“
{SZ a8 grovn 491d cuscrent blosel~ined crynlale, ot roomm Sonrora..
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ave {f'oun: Lo L vors oimple Ly oCnLuars, ("11-.1 Loy eerpvnn v
obtuined for 12 mole 4 YS4).

The incorvorasion oi' OF has boern shorkn to osodr in o
nuabure of materials rovwn as sincle erystals by Mlune foricrs,
iclershein (1961). However, lo guch bund awvpeuric: &8t €,7.

r
’

[
~d

microns wou dotecoed in our caLples, WA

is mayns hecoule

of the cvlectrolusion zroving nrocess. YWhe transmissions o

on dacereasinc in goiny to the highe

\ll

er wWovslenztn reion, Mo
maxinmum absorpilon is 20t c¢lcarly otscrved bLeczuse of the
finite thickness of the availoble thin usrples (loos thar
32 microns). However thin films of powdered Torms of these
crystals may be recorded in order to overcome this limita-
tion., This has been done and will be mentioned soon,

The transmission cut offs are listed in Table (6.1) and
Table (5.2) together with the thicknesses and the current

densities aopplied to both 8 and 412 mole ¢ Y3Z sanvlss

’

raspectively. All cut off values werc cuoscn as the valuss
at 1 % transmission. t was fouund that c.u 03 vere
dependent on the crystael thickinesses, for instance, for the
thicknesses ranging from 55 to 288 microns of as grovn

amples, the first cut offs ranged hetween .255 Lo 278
microns,

TABLE (6.1)

Transmission cut off wvalues for the as gro"n and
it

current blaclered & mols §: YSZ caunles with diffeorent
current dencity and thicknesses at room Lenserature,

- CUrTCRE  GALCKNGOS  GPANSmiLGIon Gluo-ih (MLGrors )
sainple - , -~ E ’
- density (!lCPOPS) (first) (sccond)
({"/Cm-) o e eee
141 5e as zrovn 53 0.27 12.0
14154 G.1 55 0.¢ 12.3
l-".l_)b 1(0 \-).b 1--"(! .1L;n1
1A15¢ 5.0 62 1.38 12.4
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TARLY (6.2)

Transmission cutoff values for as growun and current
blackened 12 nole % 14 samples with ditlerent current
density and th messes at room temperasure,
current : o N
sample déh ihy Thickness Transmission CutoffTs (microns)
H 5] . 5
(A/ci) (microns) first (bcccnd)
2422 25 grovn 5L 0.27 15.0
24224 0.1 90 0.9 12.1
2h22¢ 1.0 60 1.1 12 .1
2A??J 5.0 140 1.7 2.8

samples having unblackened and blackened pzrts, the Lrans
mission spectra were recorded, at the Jjunction of both anode
and cathode ends, in the wavelength region of 0,25 to 2.5
microns using the Optica spectrophotometer.

The two comparable overlapping transmission curves of

the

samples (1A15d (& mgle %) and 24224 (12 nmole %)) are
seen in figure (6.56). The unblackened, anode end, trans-
missions increase sharoly alt around .27 microns in the sane
way as for as grown samples, and another noticeable but less
sharp increase corresponding to the blacksned, cathode end,
part of the crystal begin at about ,55 and .70 microns fonr
the 8 and 12 mole % Y82 respectively.

In semiconductors,.absorption due to Iree, -conduction,
electrons bhecomes much more noticeable at long wavelengths.
Fearing the possibility of colloidal Zr metal in mind,
(created in the current blackened samples), an attempt was

-

made to fit a k -depandence Lo the absorption curves of our

samples Woss (1959), pP.29.

Pigure (£.5) Transmission versus wavelength in & and
12 mole % YSZ crystals, 14454 and 2422d, at the Junchtion of

the blackened and unblackened parts, as roon temparatare,

In order to see the comparahle transmicsions of tlaclkened
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| Fig.(6.6)
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o)
The absorbance v.0. A curves wene garown on Toi-bi
. il g SWVOL Were ., WA O -l

scales for & mole % (oo srown 1A152 and blachened 18154, .1
2 \ [ r3vy b "] ) A Y
A/cm ) and 12 mole & {as grown PAZ2j ans blackened 24224, 0.1

A/cm ) Y3Z samples,

Because Y372 is an insulator no freg carvicr absornlicn

[re

2.

is expected to be present for tho as grown samples,. This

verified by the non-linear line shape

pe and the lack of fit of
the curves to a square-lavw dependence.
FPor blackened sampiss the slopes of the curves do not

gtraisht line is

L=

cr

Batisfy the sguare-layw dependence bud
obtained with a gradient of four.

We are inclined to think thzt the changez of whe shape
and slope on bhlackening may be explained in the following way.

The curvature of the plot for the as grown sample is being

perturbed by affects due to free carriers, Hence a straight

line is observed for the blackened samples though its slope
is greater than itwo.

Derivation of Debye temperature S(I,R.) from infrarsd trans-
mission data '

One definition of a Debye temperature, &, is that it is
equal to hQ/k where Q_is a charactzaristic frequency or some
average Ireguency. |

A great deal of confusion exists about the assumption
that © values obtained from different physical properties of
a solid should be equal. The simplest case is that 6
(elastic) i.e. the 8 value derived from the elastic constanis
of a4 solid, is equal to QD the valus derived from specific
heat measurements, 1if both are measursd at sufficiently low

ion of

E"

tenperatures. The measurenents nmads on che reflect

iniared from the surfoce ol c¢rystals and the position of tns




maximur ol the reflection is chozen to evualawns thoe {reqguency,
The poasition ol the refleetion maximum iz related to that of
the transmission minimwa, It is determined princioully by
the maxinum of the reilection coelficicnt which iz [ound on
the shortv wavelengih side of the transmission minimum, Born
and Huang (1954L), p.123. Hence if one terms the tuo ©
values QA(IR) and GR(IR) it is found that @R(IR) AErees
remarikably well with the averaze value of QD whereas the
QA(IR) values are lower,

"In cubic crystals of the #Hall, of Lthe CsCl type there
is only one vibration active in the infrared. In this
transverse vibration the positive and negative ions are in
antiphase and the wavelength is egual to that of the inci-
dent radiation. This natural freguency can best be equel to
that of the incidenﬁ radiation and can best he observed by
studying the transmission of infrared through a very thin

£film of the sample, the minimum of the transmission occurring

‘at the characteristic freguency." Blackmann (1955), 1.375.

So the transmission spectra of thin films of powdered
YSZ crystals were recorded. The samples were prepared by
Mrs, Dubson in the Chemistry Department. A small amount of
the sample was powdered and a few milligrams of thiz powder
wae mixed with spectroscopically pure CsI, The specitra
were recorded on a Perkin-Blmer 57 model doubls bsam grating
spectrophotomneter, The region was scanngd from 250 cm'1 to

1

4000 cnn” ' and extra care was given to the loser region (250

).

The specira were found to he similar to the sinzle

—_

cn”l 4o 60O em”

crystal results and the transmission minimuma vere cleorly

observed at 460 & 8 em™ and Leh £ 8 e~ respectively for
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Goona 12 nolda JTOYOE ae goovin snwaplos, cTou copecsponaing
Debhye o secachuron 1, ) dcrived Tror Lhese tronsmission
<L

recults ond Las & (clusbis) voluts obisiucd hy ¥occet al.

(1202) ior owr sasles are cuazured jv Pahle (5.3).

L4

TATL. (£.3)
Compurison of Jebye tewpiratures ior € and 12 mole
“ Y8Z as zrown eryshols Obud‘POd from T.2.
measurte s and Trod elaug_c conshant

aexbravolatnd to 0 V¥

e A A e Pn A e e e -t e A e T e A e gt AT T ———- A" NPT A B AR ——, - 4 AF . o

Debye teamzraturc (1ﬁ %)
A( IR) e (clw--u S

e

Crystal

8 mole % YSZ 660 £ 12

Ji
.\O
1

"\

Q

12 mole § YSZ 665 L 12

The Debye temperaztures derived from IR transmission data
are bigger than the valuves obtained with i1he ultrasonic

uethods though theory suggests they cuould be lover,

€

In simllar measurements on & curreul blackened 12 mrole %
YSZ sample (2a22e, 20 A/cmz, 15 m, 800 0C, in argon) the
spectrum waz found to include an extra absorotion band peak-
ing at 1080 cm-1. fovever there wes only shift or shape

distortion of the wide band centred at L6 £ 8 for the

single crystal slices with the low current densities,

6.3 Reflectivity sneclra of as grown and current blackened

samples
5.3.1 Visiblc resion {.39-,6%5 microns)

The reflectivities of as grown and current blackened
samples of both & and 12 mole ¥SZ sawoles were measured in
“hie wavelenzth rexion of .29-.55 microns usin: the inctrunent
mertioned in Chanter 5 seetion (%.3.72.2.2), Tha stand

choscn was black glass no: 31025 becoausns off having the
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closest reflectivity to YBZ.

The measwrements for as growvn tresusparent material vere

-

made on prism shaped sanples, nalished Lo a 1/L micron Linish
so that multiple reflections vwould bz orevented, Hovever

the measureménts on the current blackencd samples were made
on thin polishsd slices Dbecaunse they were not transparent in
the visible wavelengihs,

A grovn sanples

- evtam

AY

Figure (6.7) shows that the reflectivities of 8 and 12
mole % YBZ as grown samples, being around 12 and il % in the
visible region. An increase is observed for the lower wave-
length-end of the spectra for both kinds of samplss, This is
in agreement with the expecied rise in the neighbcurhood of
the absorption edge. In fact the diffuse reflectance spectra
of 8 mole % YSZ recorded in the wavelength region of 0,3-1.,0
microns gave sharp rise between 0.3 and 0,5 microns. The
spectra were recorded at room temperature with ring-type
reflectance attachmeht to the instrument SP,500; HgGo3 was
used as the standard.

The refractive index measurements in the same wavelenzth
region using the minimum deviation method also gave consistent

results for the reflection coefficients see section (8,4).

Current blackened samples

The reflectivities of the current blackened & and 42
- . 2
mole ¢ YSZ samples, for the current dznsities of 0.1 Afcm™,
2 = / 2 s 1 1 -
1.0 A/em ', 5.0 A/cm” were measured using the same method
and apparatus.

5 P N R S« SR v v OF 0
The reflection coefficients for & and 12 molc % Y32

(O}

— D e e e R e R e

Fiz.(5.7) Reflection ccoefficient versus wavelengih

in 8 and 412 mole %% ¥3Z crystals, as orown, visible resion.
Vi J ? ] y W
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Fig.(6.7)
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samples blacka2ned to differcnt dosress are given in Table

(6.0).

TABLE (6.4)

Average reflectivities off 8 and 12 mole ¢ Y37

7 Ao

erysbals, current blackened, visible region

Vave—
length

(nm)

—ciam e —

o

8 mole € YSZ 12 mole % ¥YBZ

1A154 1A150 1A15¢ 2A23¢C 2422¢ ZA221

390

1400

‘ 4420
li60
480

. 500
52¢(
54.0
560

; 580
i 600
[ 620
640
650

Current
densilLy

(A/cm”)

- e e

414,05 1i.849 1447

15.18 14,00 15.27 1.54 1
2 G 14.70 1
.72 15.23 413,74 1L.86 14.23% }

—
=
Ui
)
—
o~
[ ]

o~
oo
-—

L7 .56 13.93 15,02
.36 .37 13,75 14,82
18.17  13.61  14.59

U

- L] . L]
=
e
W
e
D
W
L]
o
)
—
=
.
1S X}
I'\.

Ul LA A U A AN O W A Aot A

13.4
B 1 9 E L2
> 13.29 13.57
13.85 14,06 13.36 2 153,82 1.5
13.91  14.19  13.42 1ha5  13.79  1h.58
13.96 14.21 13,60 13,93 13.60 14.4B
13.80  14.48  13.50 13,79 13.84 14,38
13.31 14.085  13.67 132.86 43,74 14.98
13274 13.79 13,6 13.93 7 13,76 -

1 1.0 5.0 . . 1.0 5.0

6.3.2 Lear Infrared region (0.6-2,5 microns)

spectra,

mentioned,

In this section, only reflectivity measurements of

current blackered 8 and 12 mole % Y87 samples will Dbe

The sample prepsaration and the method employed are deg-
cribed in Chapter 5, section (5.2.1.2) and section (5.3.2.2.1
In Table (5.5) reflection cosfficients are given for

both groups of samples. There was no siructure in the

The fluctuations rarging within 0.l may be consi-

dered due ito sxperimental errors.,

]
13.66 11..68 10..13 1.7

A
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TABLE (6.5)

Reflection ceefficients ,of 8 and 12 wmole % V8%
crystzls current Llackened, near infrared region

——— —e - -

Wave- & mole ¢, YSZ 12 mole ¢ YSZ

length ~

(microns) 1415d 1415b  1A15¢ 2A22d 2A22¢  2A22b
0.659 13,80 13.80 ° 13.35 132.95 13.6% 14,40
0.675 13.80 13.80 13.35 13.95 13,50 4L.4O
0.596 13.75 13.70 13.35 13.30 13.£0 140,40
0.715 13.80 13.80 13.35 13.80 15.50 14.05
0.7L0 13.85 15.75 13.40 13.85 13.065 1015
0.760 13.75 13.8% 13.40 13.75  13.65  AL.L5
0,797 13.90 13.85 13.30 13,80 13.585 14.50
0.826 13.95 13,90 13,55 13.85 13,75 14,55
0.861 13.30  14.10 13,50 13.95 13.80 14.65
0.898 13.85 1L4.i5 13.50 14,05 13.80 14,65
0.939 13.85 1h.i5  13.35 14,05 13,75 14.55
0.98f 13.80 14.05 13,25 1h.05  13.65  14.50
7.024, 13.80 13.95 13,25 14.00 45,60 1L,50
1.078 13.75 13.85 13,20 13.95 13.60 14.50
1.127  13.75 13.90 13.30 13.95 13.60 14,50
1,180 13.75 13.85 13.30 13.85 13,50 1L4.50
1.227  13.75 13.80 13,20 13%.8C 13.50 14.50
1.284  "A375 0 13.80  13.20 13.80 413.50 14L4.50
1.347 13.75 13.75 13.20 13.75 13.50 14,50
1.409 13.75 13.75 13.20 13.75 13.50 14.50
1.485 13.75 13.75 13.20 13.75  13%.50 14.50
1.642 13,75 13.70 13.20 13,65 13.50 1L4.5C
1.722 13.75 13.80 13,20 13,70 13.50 14.50
1.837 13.80 13.85 13,25 12.70  13.55 14..55
1.937 13.80 13.85 13.25 13.70 13.55 1L.55
2.049 13.80 13.80 13.20 13.70  13.55 14.55
2,479 13.75 13.20 13,20 13.66 . 13,55 1L.50
2.339 13.80 13.75 13.20 13.656  13.55 1L.50
2.530 13.80 413.80 13,20 C13.70  13.55 1L.55

Current ' - T

dens Jéy o1 1.0 5.0 .1 1.0 5.0

6.4 Refractive indices of as grown samples

The prisms of & and 12 mole ¢ ¥Y3Z with apex angles of
29044 and ”7 OL' were cut from large single as grown
crystals., Because the crystals nad 2 cubic structure and
vere tharefore isctropic no spvecial account was talken of

orientation.
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For erystal wrroavation oni the meihoed employod see
Shapter H, section (5.%2.2.3).
The results of refractive indices for both types of

sanples arc ~iven in Table (5.58).

TARLE (6,6)

2fractive indices of & and 12 mole % 7SZ
ovn, minimum deviaticn method, visible region

¥lavelength Refractive indices
(millimicrons) 8 mole 9 ¥SE 12 mole % YSZ

190 - 2,191 F 0.004
500 - 2.193

510 - _ 2.188

520
530
540
55C
560
570
580
; 520
600
610
620
630
6L.0
. 650
: 650
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6.5 Optical ahsorption suectra 01 current ulqc enzd samnples
and discussions

6.5.1 Absorntion (ﬂ”v\_enqth region ,25-2.5 microns)

The absorption spectra of current blackened sampies
showed several nsw features comuared witnh as grown onea.

The two methods {17 and RT) were anplied in order to
derive the absorption curves., They are in agreement with
cacih other and are given in the followinyg section (6.5.1.1)

and section (6.5.1.2) respectively.

™
N

6.5.1 .4 TT-methed

Transmission recordinzss for two ditferent thicknesses of




each current hlickened s:anple enabied the absorotion v.s.
wavelength curves to e derived for severzl valuss of current
density.

Pigure (6.8) shows the absorntion plois of curpant

blac

l\-

ened and as grown 8 mole % ¥Y8L samples at room tempera-

tures,

ey

Several fcatures stusking to the abttention at first

sight may be given as follows.

—

« ADbsorpticn spectra of as grown and unblackened oart of

¢
o]

the current puassed samples gave overlapnsed wavelengih
dependence as will be sesn on the far left of figur
(6.8).

2., Absorption spectra of differently ecurrent blackened
samples (14154, 1A15b, 1A415c see Table (6.1) for
current densities) showed certain sh Tts between

h thewvélvea, bnlft;n;_25 the longsr wavelengths as
the current dénsities applied increased.

3. The absorption spectra éf all the blaclkened sanples
seemed shifted from .27 microns to beyond the 41 micron.

lt. The sample current treated with the current density of
.1 .l\./c:m.2 was blackened and this value was found the

Z lowest limit value ILP the ohservable shift of the

absorpltion svectra. The samples curvent passed with

. 2 .
the dens 2@%ﬁuo, and 80 mA/cm™ were not
blaclkened ”lhey”ﬂﬂgﬂnot shov any shift at all,

The meas'}eﬁﬁhms made at 1ow.tem?eratures ( 87 OK),
PNy ¥

g \ y e """“ i . 2,

rig (/ ) Absorplifigcoefficient versus wavelength

e .z:!‘ﬁ-

in 8 mole % ¥YSZ crystals, 1A154, 1A15b, 1415¢c, current

Q}ackened, 1P -method, at room temperature,
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Fig. (6.8)
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[y

gave similar results of the room temperalurc (Figurce (6.9)).
They seemed there were ne intencity chanucs.

Similar gspectrum vas obseprvoed for current hlackened 12

mole @ YEZ crystal 2A22c¢ (.0 A/em”), at room temperature.
The same conclusionscaid for the & mols ¢ Y32 can bo said
to 12 mole % YRZ as well.

Some discussable points aboul blackensd sample spactra
will he delayed for the time being until the RP-nethod

results of absorption spectra sre presentad in bthe Tollow-

ing section (6.5.1.2).

6.5.1.2 RT-method

In order to zet alternative results for the snaciral

4

distribution of the absorption, 1to compare with those

obtained from the aovplication of the TT-method, the Ri—-- - -

.method was used. See Chapter 5, section (5.3.2.1.2).

The samples were 8 mole % YSZ 1A15d4, 1A15b, i1A15c,
rirat, as seen in section (0.).c) of this GhathP, the
reflection coefficients were measured on one pol ished
surface. Then the samples were ground down to thicknesses
around 100 nicrons and polished to 1/4 micron, and the
transmissions were recorded. From the resulting spectra,
using the computer programme mentioned in Chapter 5,

Teble (5.2), the absorption constants, K, were measured.
The same proccdure was applied to the 12 mole ¢ YSZ saumplss

DAZ2d, 2AR2c, 2A22D,

Piz.(5.9) Absorution ceciTicient versus wavelennth in
8 mole ¢ YSZ crystals, 1A15d4, 1415b, 1415¢, current

blackered, T0-method, at 37 "1,
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In Figure (5.10C) and Migure (6.11) absorubion coefficlient

LY

versus vavelength curves are seen Lor the 8 and 12 mole %
current blackensd (sesc Tavle (6.1) an? (6.2) for blackening
conditionn) Y82 samples resmccbtively. Hor conpori .son, the
spectra which were obtained for as grown samples using the
TT-method are alzo included.

The snectrs obtained with both the RP-method and the
Tf-method gave non~ilinear shifts of the absorption curves
P -

Tor the current blackened samples, as compared with the as

grovin crystal swecira of both 8 and 12 nole % YSZ. This
must be connected with absorption band broaderiing due to
some chenge 1n the material, Interpretation of these shifts
as due to a change in position of the genuine absorpticn

) edge is nottenable because the crystal lattice parameter is
| known Crom x-pray evidence to remain unaltered by currsnt
| Dlackering,

The reflectivity measurements of the blackensd samples
in the visible region Were most interesting because, as was
geen in section (6.2.3) of this chapter, the transmission
spectra recorded in this wavelengtn region gave 0 ¢ trans-

mission, so that we could not observe any absorption by the

material.

Piz.(6.10) Absorption coefficient versus wavelength in
8 mole ¢ ¥YSZ crystals, 1A15d, 1A15b, 1A15c, current blackened,
RT-wnethod, at room temverature

Pig.(6.11) Absorstion coefficicnt versus wavelensih

in 12 mols % YSZ crystals, 24224, 2422c¢, 2422b, current

blackened, T-method, at room temperature,
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Fig. (6.10)
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Fig. (6.11)
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The conservation »f encrgy dictates that Frusoe et al,

(1263), p.139, the following couation is satisTicd,

where T, R and K are given by the meanings in equ.(4.13)

anéd equ.(4.1%4) respeciively in Chapter 4. It is imsediately
clear that because of the T 1s zero for blackened samples

in the visible region, R is about 14% znd it is likely that

K is roughly the same as in as grown crystals, there must be
some other type of conpensating contribution in the equ.(6.2),
such as scattering, which it is not possible to detect in

the present transmission or reflectivity measurements.
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CHAPTER 7
GENERAL CONCLUSION

In the present work the main interest was to attempt to
elucidate the nature of blackened YSZ. By comparison of the
properties of as grown crystals with those of material
blackened by current passage.

It is convenient to summarize the main conclusions.

The present e.p.r. work:éhowed that:

1. Oxygen vacancies

The existence of oxygen vacancies, which has previously
been assumed, (due to charge compénsation arising from the

structurie of the solid solution and by inference from the

‘observed electrical properties) has been confirmed with e.p.r.

The observation of a trapped eléctron, its symmetry proper-
ties, th;-gggg_sf-destroying and }ecreating this centre by
heat treatment, vacuum reduction and current p=zssage
processes very closely established that type=A lines were

due to oxygen vacancies with trapped electrons,

2, Valency change of constituent cations of YSZ

The assignment of the type-B spectra observed in as
grown samplés has not b?en easy. This-was because of ité
structureleés, asymmetrical appearaﬁce. The stability of
its behaviour despite heat treatments shows that it is not
a colour centre and allowed us to consider that the most
probable candidates were the transition metal ions Zr'3+ or
Y2+. Confirmation of the presence of these ions might come
f'rom the optical absorption spectra. Unforturately 4d ions

are not obhserved as easily as rare earth or 3d ions as sharp

and narrow bands.




mhbpf is kno oWn to renain uvnsltered,

5. Gonduction elucirvons of Zr-metal

From the e.p.r, point of view the only major difference

between as groun and blackencd material was the occurrcnec of
a single type-0 line, whose intensity increased with incrcas-

ing applied current density. Interoretation of this line
seemed Lo he more reasonable il it is assigned as due to
conduction electrons, most likely of Zr-metal,

The study of the owtical wropcrtics showed that:

R

1. 8hift of avpareunt absorption edae

Norni~linear shifts of the abscrpiion curves were obsavved
For the blackened material compared with the absorption edge
position for the as grown crystals., XExplanation of these
shifts as due to a change in position of the genuine absorp-

tion edge is not tenable because the crystal latiice para-

However, a parallel can be found in the way that the
"change" during the blackening, effecting ths intensity
increuwent of the type-C line and the shift of the optical
absorption curves with increasing current density is due to
the same origin. Thzat is, DPcth observations from the iwo

different methods (epr and optical) can be considered to be

due Lo the same "couse,!

2. Trapgnission minimuma in the near I,R. wavelength region

allowed the same unchanged Debye temperatures in rcom temper-
ature to be calculated for both as grown and blacksned
crystals However there waz broadened appearance of the
avsorption band in the case of TPlackening which may be
atoributed due to verturhation by tﬁe conduction electrous,

= - = A Wa —1
On *the othor hand the extra pand observed at 1030 cnm

_J

(0,(IR) = 1050 %K) does not seem related with Zr-mcta
“

Because Debye temperature of Zr-metal is 29L°K see Kitbsl




3. Reflectivity in the visible recion does not change for an

grown and currvent blschensd crystals,

Previous worlk Cassclton et al,(ﬁ@?i) indicated that
blaockening might be assocliated with the Tormation of colloidal
particles of Zr-mctal., In Dlackened samples pronounced

.

ontical scalioring was observed,

Thus a major objective was to see wﬁether this colloidal
model could explain the e.p.r. and ontical results. Before
attempting this, it is helpful to keep in mind the results
from complimentary experiments relating to the nature of
blackened YSZ,

These results are summarized hzlow.

1. Ultrasonic measurements

_ ... Ine elsstilc constants ol &5 grown sz were found from

ultrasonic measurements Pace et al. (1969).

Recently, the corresponding elastic coanstents have been

measured in a current blackened 8 mole % ¥Y3Z single crystal
by J. 8, Ross and T. i. Farley by the ultrascnic puls

re the s

'}

zlastic constants

H
b
@]
]

superposition technigue.

w

[4}

for as grown and blackened material, The ﬁltrasonic data
also confirms that the lattice is unchanged and nence
indicates that in the optical work, the position of the
genuine bend edge should remain unaltered on blackening,

2, Diclectric constant

Dielectric constant measurzments have been made by
J. 9. Ross and H, M. Buckley on azs grown and blackened Y57,
. ' 3 .
rrodn naterial msasureanents at 107 iz shovred that
the relativae diclecbric constant €. is sbout 32 tor both

8 and 12 mole % ¥YSZ, There was horever a considervable




variaticon between nominally identizanl as grovin camdles.,

Other measurcments made by microvave melheds at 35 Hiz
show that on blaoclening the dielectric constant increascs
very considersbly e.g. from about N0-50 for an as grovn
single crystal to about 100 after current blackening., The
interest will be to see 1if the increass in€, is consistent
with the oostulate of the Fformation of metallic particles
within the dielesctric.

An explanation of gbsorption curvas Tor Blackerned
material can be suggested. Assume tnat tne colloidal

particles are Zr-metal., At very low current densities the

particle size will be small. As the current density

-increases, the particle size will tend to increase and the

result will be a distribution of particle size,

The effects of

ing chsracteristic

particle size on absorption

are discussed by

and scatter-
Savostianova (4930) who
applied the kie (4908) theory to the cas=z of celloidal
sodium in rock salt and obtained the curves for absorpticn
and scattering shown in figure (7.1).

The suggestion is that in the blackened crystal e are
observing the resultant of a genuine zvsorption curve on
which a

gcattering curve is superimposed, fTigure (7.2).

“here (a) is the absorption
(see fig.(%.1)), (b) is the
blackened materizl, (see Cas

. and (c) is the absorption cu

#ith the lowest current dens

the particle size increasas

curve of the &s grown naterial

S

Q
]

ttering curve of burrﬂzt
selton et al, (i971) Tigure (7)
rve of the blacksned materisl
ity (sez fig.(6.10)).

c) to longsr wavelen 3ths 2t¢

assuming thnst

ol W]

pe explainzd by a

and Lhot the vidth of the
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Fig.(7.1)
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scatteriug curve (b) alue inercosad towards the loncur
wovelen-+th sidoc, The validity ol this cxnlanation dopcends
on the magnitude of the scaltoredl juternsity. Time hon not
pernitted this to be measured @i bub the integrating sphere
method of Bastin et al. (1959) viould forn Lhe hasis of the

experiwrent,
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APPERDIX -1

Lattice Parameters

L3S an

X~Ray diffraction photograchs were obtained with a
11 .4 cm Debye-Schrerrer camera on a Phillips diffraction
unit uveing Cu Keradiation with a Wi filter.

Single phage cubic fluorite-type structures were
observed for beth compositions of (8 and 12 m/c) ¥YSZ in
as grown, current blackened, oxygen heated and vacuun
reduced specimens,

The lattice parameters were observed by measuring
diffraction lines with 28 > 1415 Results were computed

. .._ for both (A1) and -(A2) components with the computer
-programme (written by M, C. George, M.Sc., Department of
Geology, University of Durham) based on the Nelson and
Riley extrapolaiion and the least squares method., This

included standard deviations in the final result,




8 w/o Yo%: {as grown)

crystal

510
i
142(2)
1

1A3
(1]

Unit cell size calculation by hand for the as grown

1A% is

Lattice parameters

a(M) = 5.4392 & 0.0002 A°
a(A2) = 5.1392 £ 0,0008 A°
a(A1) = 5.1386 £ 0,0008 A°
8(A2) = 5.1367 £ 0.c017 A°

0. 0006 A

a()ﬂg =
0.0005 A°

a(A2

0o
R \G
L ] L]
Co
i+ I+

a(averaze) = 5,138 £ 0,001 A°

8 = 5,139 A°

12 m/o Y82 (as grown)

crystal

2A1
1"

Lattice parameters

a(M) = 5.1487 & G,0009 Ag_.__
a(M2) = 5.1L84L £ 0,0013 A°

a(average) = 5.1485 £ 0.001 A°

Calculation by hand (same crystal)

a = 5.149 A°

-

Ly

crystal
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8 m/o ¥5Z: (bvuked in oxygen)

Conditions: 175 ce/m, Tor L hrs., at 960°¢C.

colour:' white and grey
crystals Lattice parameters
§7(1) (White): a(M) = 5.1403 £ 0,0006 A7
; " a(A2) = 51401 £ 0,0020

A
4397 £ 0,0000 Ag

s7(2) (crey) agh1 5 7=
Y " 5.14L02 = 00,0010 &

a(average) = 5.140 + 0,002 A°

Result: 0,03% change doss not seem reliable increase o
according to the standard deviation ¥ 0,002 A°.

12 m/o ¥YS8Z (baked in oxygen)

Conditions: 75 cc/m. for 3.5 hrs. at 1085°C

" Colour: white.
crystal Lattice parameters
89(1) a(A1g = 5.1486 £ 0,0006 A
a(A2) = 5.1493 % 0.0014 A

0
0]
a(average) = 5.1489 £ 0,001 A°

Result: no change observed,
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8 m/o ¥8Z (vacuunm reduced)

o . ” r - I- s X "1t O f] b
Conditions: -2 % 10 . mrHg, at aaooiag g for 2.5
hrs. (heated in air at 800°C for & hrs,
before vacuum reduction),

Colour: grey
crystal Lattice parameters
s2(1) a(M) = 5.1384 £ 0,0012 A7
a 7\25 = 5.1378 £ 0,0007 A

a(average) = 5,1381 + 0.0012 A°

Result: no change observed on lattice parameter.

12 /o YSZ (vacuum reduced)

Conditions: . exactly same as S2(1)
crystal Lattice parameter
812 ag}m) = 5.1488 £ 0,0011 A2
a(A2) = 54486 £ 0,000% A"

a(average) = 5.1487 * 0.0011 A°

Result: no change observed on lattice parameter,




144,

8 m/o YSZ {current blackened)

Crystal: AL
Conditions;: 'IA/cm2 at 800°C ror 35 hrs, in argon gas
flow,

Lattice parameters

a(M) = 5.1399 % 0,0013 A7
a(A2) = 5.1398 £ 0.0M0 A
a(average) = 5.1399 £ 0.001% A
Crystal; 1A14h
Conditions: 5A/cm2, 15 m, 800°c, in argon.

Lattice parameters

a(>\1; = 5.1397 £ 0.0008 A2
a(x2) = 5.1396 £ 0,0007 A°

a(average) = 5.1396 £ 0.,0008—=a%-

Result: No noticeable changes have been observed on the
lattice paremeters due to the current blackening.
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Conclusions

1. Tor both 8 and 12 m/o ¥YSZ no noticeable unit cell size
change has béen obhserved among the asz grown, current
blackened, vacuum reduced or oxygen lhieat treated within
the accuracy limit of £ 0,007 A°.

2, For hoth types of crystals, no exira lines due to the
zirconium metal have ever been observed, although this
had been seen for heavily blackened polycrystal line
yitria~zirconia by Casselton and Watson (1968c), The
addition of zirconium metal to 8 m/o ¥3Z showed that
Zr diffraction lines cah only be noticeable for more
than 5% of zirconium metal, This shows that the X-Ray
diffraction technique is not very sensitive. We have
also been limited by the highest value of current

density that could be applied,

The lattice parameters for hoth itwo crystals awre in

AN

good agreement with the values obtained by Duwez et,al.
(1951), Strickler and Carlson (1963), J. Lefevre (1963),

Baukal and Scheidegger (1968).




APPENDIX - 2

TABLE -

A large piece of black opaaue as grown 12 mole %

YSZ crystal was cul into three psrts which were

heated in oxygen, argon and vacuun. The condi-
tions are given helow,

Oxygen  Argon — Temp, Time i 4
Sample (ce/m) (ce/m) Vacuum (OC) (hr.) Result

2Ah (es grown) black, opaque

25l ,a 75 1075 3.5 + 1 white,
translucent

28L.b 75 1075 3.5 + 1 black,
vellowish
transparent

2Al.c - v 1075 3.5 + 1 black,

- slightly

transparent

2pl.aa T(75) 1045 3.54 0O white --grey

2Al . ab ' (75) 900 2.5+ 00 white —-white

Results:

It is postulated that the colour centres causing the
crystals' epaqueness are affected by the heat treatment in
the following way.

- (a) Heating in oXxyzen causes oxygen atoms to f£ill the
vacancies, as oxygen ions, at the expense of
trapped electrons (F-centres).

(b) Heating in argon indicates that a very small
amount of oxygen, (leaking through the furnace
or in the argon gas itself) causes an effect
similar to (a) which may be explained as a very

early siage of whitenlng.




(¢)

(a)

—
~—
e
~
o)
%

Heating in vacuwn shows that toemperature zlone is
not effective Tor the release of centres or
alternately that it is c¢ffective but the =lectrons
released are trapped again,

The tendency of the ssmple to absorb oxygen at high
tenperatures may also he indicative of the excess
of oxygen vacancies initially present,

FPifth sample shows that a previously oxygen heated
whitened sample (2AL.a) is heated in vacuum, its
colour hecomes grey, indicating that the newly
created colour centres may be attributed to the
following reaction,

2

The eleclrons would be trapped in the vacancies

which were lef't by 02_ 1ea€ing the sample as Cél-

This explanation also fits the EPR results.




ih0.

A piece of black opaque as grown & mole © YSE

crystal was cut into three, and heated in

oxygen, argon and vacuum., Tne conditions are
given below,

Oxygen Argon . Temp. Time Result
Sample (cc/m) (cc/m) Vacuun (°) (nr) (colour etc.)
1A1 (as grown) black, opagque
1A1.,.a 75 1075 3.5 +1 white,translucent
1A41.0 75 1075 3.5 +1 black yellowish

) transparent
1A1.c 1075 3.5 +1 black, slightly
transparent
Result:

The statements given for Table-1 of 12 mole % YSZ

are also valid for this 8 mole % YSZ.- . -
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TABLE -3

The hsat treatment of 12 mole % YSZ sampleés in

oOXygen,
Sample Oxygen Temp. Time Beriy] 4
{ce/m) (“c) (hrs,) Result
2A2 (As grown) black, ocpagque
2A2,a 25 545 2.5 4+ 1 " "
2A2 ,aa u 675 2 5 1 . ) " "
2A2 .ab " 800 " o0 " "
242 .8C " 900 o0 1 ]
2A2 . ad " 7000 *t white, blackish
part slightly
transparent
2A2 ,ae " 1050 t o0 White 4+ grey
translucent
2A2 .af " 1100 " Completely white
: translucent
2A2 ,ag " 1080 " oS T  wWhite 4+ grey T

translucent

(#) indicates that the samples were left under the oxygen
flow in the furnace until the temperature dropped to

the room temperature after the heat treatment,

Result: Tfor a fixed oxygen flow rate and time, the samples
(approx. 50 mm?) were completely whitened at

temperature 1100 °c.
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LPPENDIX - 3

For the conversion between the cavity scale and the
magnet tuwenteble, the following formula was derived. Accord-
ing to the Figure (App‘1)_and the symbols given helow, 1t
can he seen that:

C1,02: Two crystal face readings e.g, [50@] on the
cavity scale.
10 Dz: Two datum line readings on the cavity scale,
Mo : The magnet scale reading when the datum line
is parallel to the pole pieces, Experimen-
tally it was Ffound 0%H.
M ¢+ ''ne magnet scale reading when the magnetic
field is in the required crystal direction.

The cavity sdéle increases counter clockwise whilse
magnet scale incresses in the reverse way,

The angle, 8 , between the crystal orientation and the

magnetic field is:

(6] .
8, =90 - (b, -0C,)

Any angle, q, deviation of the magnetic field from E(Xﬂ

direction, counter clockwise will result:

o, =8, - (K - Mo)

o, =90 - (D, - G, ) = (M - Mo )

for the reguired ([ioq + 61) crystal direction, the magnet

reading M becomes, substituting %o = O

M (61) =90 - ©

y - (n

1 7 01)
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in the speacial casc of 90 - 61 becomes zero, the magnet lies

along (EO(ZI + 900) another fourfold direction, so ;.1[.00-]

_—
=
1

LY
o
Q]
n
i
P
-
—
i
(9]
—
S

In fect, in practice, we uszed a kind of "alignment aid"

based on this formula in ordesr to

2zsi1ly and quicker,
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Fig-(App- 1)
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APPENDIX - L4

The magnetic fleld value BD” at which DPPH EPR was
observed, was calculated according to the equ.(1.8) and

using the following nwnerical values

BD = h))/gD/g
h = 6.6252 x% 10—3M joule. sec
Y = 35.5 GHz resonance frequency
8p = 2.0036 (Holden et.al.(1950))

A

9.2732 x 10'zu Joﬁle. mz.Wb"

p

The magnetic field BD is for DPPH line is found to be

BD =1.2559 Tesla,

If equ.(1.8) is written twice for both DPPH and the sample
rearrangement gives, for the same frequency value the

g~value of the .sample

i.e. g = g]/(‘l + (B - BD)/BD)

where ;

g: The é—factor to be calculated of the
sample. for several magnetic field
orientations,

B ~ BD: The magnetic field difference between

the sample and the DPPH reéonances.
In the following four tables the numerical details of
the anisotropic type-A lines are given with the calculated
g-values of as grown (1A10a) in two perpendicular (100)-

planes,
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Lol

The y-values of thae uppey cueve of Fig.(j.u)

O i i s $% o A = G0R B e g s =8 Aee et = § S —

Grystal Piclid (B - B,) it
ocricntalion orientntion inchoes ! mP values
1350 h Ls5,2 1.935
1hG 3.7 36,7 1.94.68
150 2,65 29.9 1.957
155 2.5 28.53 1,960
160 2.4 27 .1 1,962
[F10] 165 2,3 26,0 1.963
~ 176G 2.35 2G.6 1.963
180 .65 29.9 1.957
200 3.9 Li 4 1.9%6
[100] 210 4.8 Bl 2 1,024
220 L,o L5,2 1.935

TABLE -2

The g-values of the lower curve of ¥ig.(3.L4)

Crystal Field (B, - BD) g
orientation orizntation inche mT values

- ———a-

130
140
150
160

[110 165
9] 1%
4190

o \N o

1.205
1.897
1.889
1.879

o]
N
[9aN oo

81 .4 1.883
80.2 1.884
72.3 1.895

oo I~ Oy O
L ] [ ] [} [ ] a L ] [ ] . 9 L ]

O o=~ N4
jo)
[
~J

200 1.903
[100] 210 5,2 1.921
220 5.2 1.935
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TABLE -3
The g-values of the upper curve of Fig.(%.5)

Grystal Field (B. - BD) g
orientation orientation inches mT values
320 6.3 71 .2 1.897
- 330 5.6 63.3 1.905
[010] 340 b0 50.8 1.926
350 Iy .4 hé.3 1.933
10 2.75 31 .1 1.957
[qn] 20 2.3 26.0 1.963
' 30 2.3 26.0 1.963%
L0 2.l 27 .1 1.982
50 2.7 30.5 1.957
60 3.15 35.6 1.946

TABLE-
The g-values of the lower curve of Fig.(3.5)

Crystal Field (BS - BD) g
orientation orientation inches™ “ mT values
- _3_-2_0 S i ) 2 ) 8 3-"”'_-6- B 1 .955
: 330 3.5 39.6 1.943
[019] 34,0 L.55 51 oy 1.926
360 5.7 6l L4 1.907
: 10 6.7 72.3 1.8%
[ o11] 20 6.8 76.8 1.889
- 30 7.35 82 .1 1.880
Lo 7.0 79.1 1.886
50 6.45 72.9 1,895
60. 5.65 6%.8 1.907
70 L.u5 50.3 1.927




S w0 T

REFERENCES




-
Th
o
.

REFERFNCES

Abragam, #£., and Rleaney, B., 1970, Electron Paramagnetic
Resonance of Transition Joas, (011011 :1 rendon
Press),

ey PTYCE, M. H. L., 1951, Proc. Roy. Soc., AZ05, 135

Ackermann, R, J., and Thorn, R. J., 1964, Symposium on High
Temperature Technology, (Butterworin)

Adans, S, K., anu \asselton, R, B, ., 1970, J. Am, Ceran,
(=) “ =
50C., s 117

Adler, D., 1968a, $olid State Phvsics, vol.2 Ed. P, Beits
D. Turnbull (K.Y., Academic Pr 0"°), Pel.

1968b, Rev. Mod. Phys, 4O, 7ik.

Ahrens, L, H., 1952, Geochimica, e%, Cosmoschimica,
Acta, 3, 1

\

Alwer, A. H.S 1970, High Temperature Oxides, (¥.¥., Academic
- Press -

Al'tschuler, S, A, and Kuzyrev, B, M., 196lL, Blectron

Paramagnetic Resonance, #d, C. P, Poole, Jr,
(M.Y., Academic Press)

Anthony, A, M., 1965, C,R, Acad. Sc. Paris, 260, 1936,

Assenheim, H. M., 1966, Introduction to ESR, (London,
Hilger and Jdttb Ltéd.) p.181, 65.

Barker, V. %W., 1967, Katerial Science and Engineering, 2
208. '

L

Williams, L. 8., 1968, J. Australian Ceram. Soc.,
" H H ’ 1
'I 1 -

Baukal, ‘7., and Scheidegger, 1958, Beir. Deut. Keran. Ges.
L5, 611.

Bsuerle, J. #®,, 196%, J. Phys. Chem, Solids, 3C, 2657.

Raur, %,, and Preis, H., 1337, 2. ®lektrochem,, i3

Bendoraitis, J, G. sad Salomon, R, ¥, 3., 1965, J, Fhys
[




1N
—

Bethe, Y., 1929, Ann. Phys, 3, 133.

Bevan, D. J. UW. et al., 1965, Rare Hath Research ITT,
el., L. Byrinc (N,Y., Gordon and Lreach)

Blachkman, der Physzik, vol.7, %d. 5, Flugge

verlag), part 1, p.375.

Bleaney, B., 1951, Tail., ¥azg., 42, Lhid

-
D
by
-J
u
b
[N
]
S
e
2=y
»
AP ]
-
o

[y . P - o
i., 1956, Proc. Phys, Soc., BSY, 1216,

Bonech Bruevich, V. L., 1985, The Tlectronic Theory of
Heavily Doned demiconductors. (I.Y,, Elsevier)

i, Dynamical Theory of Crystal
rendon Fress), p,123

Born, . and Huansg, K., 19
Lattices, (0xford, CL

'.M \.:'l

\L' -

Bowers, K. D., and Owen, J., 1955, Rept. Progr. Phys, 18, 204,

Bowring, C. S., Smithard, i, A.

Cousins, J, #., 1971,
Phys. Stat. Sol. (b), %

EBray, D, J., and » erten, U., 1964, J. Electrochem. Soc.,
1

..5.
I

Brisse, ., and Knop, 0., 1967, Can. J., Chen., 45, 609,

., and Gradinger, H., 1951, Naturwissenschaftier,
8 559.

Bruner, G
2

Burton, C., 1967, Unsubmitted H.Sc¢. Thegis, University of
Durham,

Caillet et al., 1958, Rev, Int. Tewp, et. Refreact., 5, 173.

Raa

Callaway, J., 1964, Energy Band Theory, (¥.Y.,, Academic
Press )

Casselton, R. =, ¥., 1968a, Xle 4D, Vol,.h

==
|-
;—l-
1)
K
h
=
o
b

ments 1r High Temperature
ncL (Lcndnn, Inst, of

, 1968b, e.m.f, Heasu
TS u (‘n . ."-'(j. ':J‘ . :I:.J . '\
Lining anrd Metallurg

“atson, ii. D. 3., 1968c, Science of ¢

s\_'l
_J
,._
L-
{n
A

et e e e $




Casselton, R. B, 7., 1970, Phys. Stat, Sol. AZ, 571.

ThOI’_’r}’ J. S-, ,l".L;_',':.lL, D. A., 19719 Proc, Erit,
Ceram. Soc,., 0.l 5
Collongues, R. et al,, 1964

, Bull. 3oc. Chiw, ¥rance, 1, 70,

. 196

I¥]]
oo
[
~
[
-
L]
C
-
L
’
L]

’ Chim, Frarnce, __, 1140,

Gonlon, D., and Doyle, @, P., 1965, J. Chem. Phys., 42, L4315

Cotton, ™. A,, and Wilkirson, G., 1%52, Advanced Inorganic

- s ———ma
Chemistry, (¥.Y., Interscience}

Coullough, J. D, and Brit
Soc., 7, 5225,

Cousins, J, E. and Dupree, R., 1965, Phys. Letters, 19,

Davié, 2. A., and Shaw, R. F., 1970, J. Fon-crystalline
jolids, 2, L4O06.

Davydov, A. S., 1968, Phys. Stat. Sol., 27, 51.
Dexter, D, L., 1967, Phys. Rev. Lett., 19, 1383.

Dietzel, 4., and Tober, ¥., 1953, Ber, Deut., Keram. Ges.,
30, L7.

Dirac, P. A. M., 1930, The Principles of Guanvum kechanigcs,
(Q0xford, Univ, Press).

Dixon, J. ¥. et al., 1963, J. Electrochem. Soc,, 110

Dow, J. D., and Redfield, D,, 1970, Phys, Rev., B1, 3358.

Doyle, . T., Ingram, D. J, B., Smith, ¥, J, A., Proc.
Phys. Soc., T1&4, 540,

-

Dunean, ., anid Schneider, ®E, ®., 1964, Pro
Semiconductors, (Dunod, Paris) p.i1d

Ce
71

Duwez, ?., Cdell, *, H., 1950, ¥, Am, Cersm. Soc., 33, 274,
0dell, F. H., 1951, J. Electrochenm. Soc. 98
Dyscir, #. J., 1855, Phys. usv., 94, 349.

Elliott, B, J., 1954, Phyz. Rev., 96, 265,




L

o

[

Falicov, L. M., 1971, Seniconductor - wmetal uand lagnctic DPhase
Transitions in Transition ii=tal a Barth
Jompounds . (Montreal, Canada, I ummer School
on Semiconductors),

Fener, ., and Kip, A, I,, 1955, Phys. Rev,, 98, 337,

Pisher, W, A,, 1970, Z. Phys, Chem. (Frankfurt) 59 (1-2), 11.

FPoex, ¥,, and Rouanet, A., 1967, C. R. Acad. Sci, Paris,
i ¥
Fu~kang fan, Kusnetsov, A, K, and Feller, B, K., 1962,
Tzv. Akad., Wauk, S88R, Otd, "Khim, Hauk, o.7,

pelilit.

Ruznetsov,

. A, X,
Izv, Akad., Fauk,

p.601.

Geller, R. #. and Yavorsky, P,

std., 35, 87.
Geusie, J, E, and Brown, L, O
Gokhshtein, Ya.,P., 1970,

Griffiths,

J. S., 1963, The JLheor

and Kellar, ¥, K,, 1963,
SSSR, Otd, Khim. Haum, No.l,

(Cambrll ¢ ), Des55,

Griswold, T.
951.

W., Kip, A, ®,, Fittel,

'T” 19“‘5, J- T?.e. - __";'-a't. Isur.
.y 1958, Phys. Rev,, 112, 6.
’l‘el:)—]:a‘iliz' Vy‘—‘ '---—"e.’ﬂD-, §,!- .7)98.
¥ of Transitvicn Metal Touns,
379.

1952, Phys. Rev, 88,

n
Vey

Gueron, M., and Ryter, Ch., 1965, Phys. Rev. Letts, 3, 338,

Guillou, H., Asguiedge, 1li, Falous, 8., 1968, Tlectricity
from MID, Vol.5 {Vienns, I.A.n.A.)

Heffelfinger, R. ¥®. Blasser, EBE. R., Heary, Z, R., 19064,

I;
Jd. Am, Ceran,

Hepworth, M. A.,

G;DCPublO“ (London,

and Acthur, G.,

Soc., L7, 6lb6,

™M
£l

1955, H.D,
I.E.8, Conference

Powern
series,

Fo.l)

Hester, P., 1965, Elements of Inorganic Chemistry, (¥.Y.,
Benjamin Press) table 5.1

Hoch, 4., 1954, J. &m. Ceran. Soc., L7, 630,

s Yoon, H._S Silverstein, A,, 19£7, Proc, Brit. Ceram,




Holland, B, 7., 1965, Pruc, Ah4. Colloau: Amvere, (Ljublyona)
PH8.

Hopfield, J. J., 1968, Comments on Solid State Phynics, 1, 16

Hund, I',, 1951, Z. DLlcktrochem., 53, 36i.

1952, 7, Physik. Chem., 199, 142,

R

1965, Ber., Deut. Feraw, Ges,, 42, 251,

1 , Hillet, J., 1967, C.R. Acad. Sci.
Paris, 264, series ¢, 210i.

C., and Radhakrishna, $,, 1958, J. Phys. Soc, Japan,

Kamimura, l4., 1956, J. Phys. Soc, Japan, 11, 1171.

s 1960, J. Phys. Soc, Japan, 15, 1264.

Karpachev, 3. V., and Pilyaev, A, T., 1966, Flekirokhimiya,

Introduction to Solid St

2656, ction State Physics,
3rd_ed, (N.Y., Jonn +iley), p.hl6.

Kiukkola, X., and Wegner, C,, 1957, J. Zlectrochenm, Scc.
104, 379.

Kleitz, M., 1968, Thesis, Grénoble University.

Knight, #%. D., 1951, Solid State Phys, vol,2, Ed. IF, Seitsz,
D, Turnbull (¥.Y,, Academic Press)

Xodera, H., 196&, J. Phys. Soc. Japan, 19, 915.
Kotani, ,, 1949, J. Phys. Soc, Japan, L, 293,

_, 1960, Progr. Theor., Phys,, Osaka Suppl., Fo.il, D.1.

Kramers, H. A., 1927, Atti. Congr. Fis. Como., 545.
Kronig, R., 1926, J. Opt. Soc. Am., 12, 547,

Kruse, , Hedlauchlin, L., D., lcQuistan, R.D,, 1963

P. ".
Blements of InTrared Techrology (:.¥., John iiley),
P.139.

Kubo, R., 1962, J., Phys. Soc. Japan., 17, 275



http://tr.cn

Laayon, H., P. D., 1951, Phys. Rev., 130, 134,
Lefevre, J., 1963, Ann. Chem, & (1-2), 117.

Levy, R. A., 1956, Phys,. Rev., 102, 31.

Lewis RE. B

12,

and Csever, T. R., 196, Phya., Rev. Letters,

Loup, J. P, iihailovic, Z., Yorvan, P., 1965, C.R. Acad,
Sci. Paris, 261, 109,

Low, W., 1952, So0lid Ztate Pnysics, Supnl,2, Bd. ', Seitz,
D. Turnbull (H.Y. Academic Press), n. 170

Olfcn5' cher, B, J., 1965, Boljd 3tate Phys. Vol.17
deitz, D. Turnbull, (I.Y., Acadeiic Press), p.135.

Mahr, H., 1963, Phys, Rev. 132, 1880,

Merkham, J. J., 1966, $o0lid 3tate Physics, Suwpl.8, d,
F. Seitz, D. Turnbull, (#.Y., Academic Press), p.254

Matamura, 0., and Koga, H., 1963, J. Phys. Soc, Japan, 18,
Suppl.2, 312._

licClure, D. S., 1959, Sclid State Physics Vol.9, Ed, ¥, Seits,
D. Turnbull (N.Y., Academic Press), p..28.

MclLean, T, ®,, 1960, Progress in Semicorductors 5, 53.

Methfessel, S,, and Mattis, D., 1969., Handbuch der Physik,
A,

-

Mie, G., 1908, Ann, d. Physik (4), 25, 377.
Morin, P. J., 1958, Bell. Syst. Techs; J., 37, 1047.

Moss, S., 1959, Optical Properties of Semiconductors

m
T
(London, Butterworth)

lott, H. F., and Gurney, R. J., 1948, Electronic Processes

in Tonic Orystzls (0xford, Clarenden Press)

Nerst, %W., 1900, Z, Eleltrochem., &6, 4i.
0'Counor, J, R, and Chen, J, H., 1983, Fhys. Rev., 130, 1750

Olsen, A. L., La Baw, X, B. and i’ichols, L. W., 19064,
J. Opt. Soc. Am., 54, B13.

By




orton, J, 1., 1959, Wwpt, Progs, Poaya., 22, 204,
Pace, 7, G, ot al., 1963, J,. urterial science, L, 1406,
Pake, G. B., 1962, Taramagnetic Resonance (K.Y., Renjamin)

Rabi, I, I., 1937, #hys. Rev,, o1, 552,

s ggmsey? if, F., Senwinger, J., 1954, Rev, Hod. Phys.,
: 157
£8y 19f.

Rach, G., 1942a, Phys. Rev., 61, 186,

1942b, Phys. Rev., 62, 438,

1943, Phys. Rev., 63, 387.

Redf'ield, D., 1965, Fnys., Rev., 140, A2056.

IU\

Roverts, L, B, J., and iarkin, T, L., 19567

Ceram, Soc. Ho.8, 201.

/, Proc., Brit,

Roth, R. S., 1956, J. Res. Natl., Bur. Std., No.l, Dp.17.

Ruff, 0,, and Ebert, ¥., 1929, Z. Anorg. Allgem. Chem.,
180, 19,

Ryschkewitch, E,, 1960, Qxids Ceramics, (i’.Y., Academic
Press), p.350 etc,

avostianowa, 4., 1930, Z., Physik, 6L, 262,

w2

Sawyer, J., Hyde, B., and Zyring, L., 1955, Bull. Soc.
. *him. France, 1190,

3chnidt, J., and Solomon, I., 1956, J. An. Appl. Phys. 37,

3719.
chottky, ., 1935, Wiss, Verofientl. Sicuens-ferken, 4i, 1.
Sciiultz, 5., and Lathsam, C., 1965, Phys. Rev, Lett. 15, 4G,

Schultz, 3,, and Shonsbarter, .'. R., 1965, Phys. Rev.
., -
Letters, 10,

Slichter, C. ¥,, 1963, I'rinciples of lUaguactic Resonanca,

b T ..\. S

(ii.¥., Haruor and Hov



http://Ryschlcew.it

Sn]it}]! D" I{’.! 196"-” lTo An]. (-lrl]'OIII. kJ(zC‘., !_!_9.,! 625,
Strattron, L, Electromagnetic Theory, (#.Y.,

Strickler, 1, W., and Carluon, .. G., 1964,
3oc., L7, 122.

J. Am. Ceran.

Sugano, 3,, 1950, Phys,. (saka,

J.

Am, Cerawm.

bIJC. ].I.S ?8\ .

, g . supsl., wo.ilh,
P.65,
Tanabe, Y., 1960, Progr. Thcor. Phys., Osaka. 3upple. Ho.il,
T I-.l7.
Tauc, J., 1966, The Onhtical “roserties of Solids
Proc. Ind, Sencol of Paysics Lirrico Fermi, Jourse 3i,
%d., J. Tauc (1.Y., Academic Press), p.b63.
5 1989, ODulCal Propertiss of Bolids, Bd., F. Abeles

1 f
(smsterdam, Horth Hollznd )

Toyazawa, Y., 1964, Tech. Rept. of the Inst.

Urbaechy; F+57; 1953, Phys. Rev.,” 33, 1324,

Vah Vleck, J. H., 1932, Electric an

for
State Physics (Univ. of Tokyo, Ser.A,

Solid
£0.119)

o

Suaceptinilities

(0xford Univ. Press)

1935, J. Chem. Phys.,

FUCEERS———-—

) )—i-265

Phys. Rev,

15

N, S.

A1286,

¥., Vander Ve'n
Phys. Rev.,134,

Vescial, and Shumacher,

Maturw,.,, 31,

Wagner, C., 1943, 265.

Walsh, H,, Rupp,

N L. ":'-'{". ’
Phys., Rev

142, Lig.

R. T., 196,

and Schmidt, P, H., 19564,

" i , 1966b, FPhys. Rev,
Lethers, 15, 141,
lever, B, C., 1954, Aerospacs lesecarch Labs., Reb.
LHTTL "6“. -205, i
- ;Y . 13 P . - o o e < -
sieckersheim, E. A., and Lefever, R, A,, 1961, J, Cui. Sos,

o4

An., 51, 11L7.




L A _gm - T s H ooy . IR “ B
'Y (- J.I~J.1L1:_‘-,L _f' y ('__l .Ll .y IJ.].! A '."l.-u“}.]:,‘!’ I.O Tj ey 1 : ‘):! 2 -':! [ C:llr:-'.-l ° 2.:;‘!.-'-".5-; ° ¥
- e -
_f_')_fjl_i 1“0") s
L P PR R - YA eua H Al 1 »
Jelushart, Jd,., ard Reks, R,, 19587, T, Dlectrochen. Soe

“aey
oy e s L 4o I e T e A L . - -
Yaiel, Y., 1965, Solid Jtate Temidcs, Vel.,id, U3, @, seitz,
i Mgt FE Y s Tl Wy )
D. Turnvull (ZY., Press Y, Ded .

Zavoisky, . T., 1945, . Phra,. (U3SR), 9, 211,

\s\\“"‘:wﬂ ERSITy
9 OCT 1973

sEQTION
LigRraRY




