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ABSTRACT

In the first part of this thesis, Electron Paramagnetic Resonance (E.P.R.) tech-
niques have been used to study the behaviour of gadolinium, chromium and iron
in aluminium oxide single crystals and powders. E.P.R. single crystal spectra were
recorded at room temperature for all three systems (with the dopant at various
concentrations for the chromium case). The linewidth data extracted from these
spectra of the single crystals showed good agreement with previously published
results. The single crystal Spin-Hamiltonian parameters were used in computer
simulations developed to predict the powder spectra for the chromium/aluminium
oxide and iron/aluminium oxide systems and this allowed a comparison with the
corresponding experimentally observed powder spectra due to Cr®t and Fe3t to
be made. The experimental linewidths have been interpreted in terms of dipolar
and exhange broadeni:ng theories in order to show which mechanisms apply to dif-
ferent dopants. In all the three systems, the main effect is dipolar broadening and
exchange interactions are very small at the dopant concentration levels examined.
For both forms of specimen (i.e. single crystal or powder) the Kittel-Abrahams’

theory gave the best agreement with experiment.

The second part of the thesis was concerned with the elucidation of the struc-

tural and electrical nature of aluminium nitride using Electron Spin Resonance at

ii



room and low temperatures with related techniques including dielectric measure-
ments. The results have been reported and discussed. It is shown that for the
purer grade aluminium nitride both the permittivity and the dielectric loss are very
nearly independent of frequency suggesting that the material behaves as a hopping
conductor with electrical properties very similar to those of aluminium oxide, which
is widely accepted as a useful substrate material in very large scale integration high
performance packaging. In the less pure forms of aluminium nitride the major im-
purity was identified as iron whose presence was shown to be consistent with the

higher values of permittivity observed.

i

Finally, as part of a general survey of the dielectric behaviour of oxide and

nitrogen ceramics, a comparison was drawn between the aluminium oxide-aluminium nitride

ceramic systems.



CHAPTER ONE

INTRODUCTION

The first part of this thesis describes EPR measurements on three types of doped
alumina, namely gadolinium doped aluminium oxide, Gd**/Al,O3 , chromium
doped aluminium oxide, Cr3t /Al303 and iron doped aluminium oxide,F'e** /A120;.
Aluminium oxide is an important material with many applications. For example, it (s
a.very good dielectric and this property enables it to be widely used as an insulator
in electronics. It is also, as is well known, a useful host lattice in the production of

single crystal laser materials, of which the best known is perhaps ruby, Cr3% /Al,03.

Because of these uses, alumina, or rather various doped aluminas, have been fairly
extensively examined in the past. Here the concern has been with the nature of
the magnetic interactions between dopant atoms in magnetically dilute alumina

systems, an area which is suitable for examination by EPR methods.

Consequently a major theme in the present work is to compare experimental and
theoretical data which involved calculating the resonance linewidth in detail. This

work can be discussed, somewhat arbitrarily, in four steps.

The single crystal spectra of gadolinium doped aluminium oxide, Gd*t/Al,O3,

chromium doped aluminium oxide, Cr®+/Al,03 and iron doped aluminium oxide,



3)

4)

Fe3t/AlyO3 have been obtained and their linewidths have been measured.

Three different theoretical models, Van Vleck’s dipolar theory [1.1], Kittel and
Abrahams’ model [1.2] and de Biasi and Fernandes theory [1.3] have been applied

to calculate the linewidth for comparison with our single crystal experimental data.

The experimental characterization of the powder spectra ofCr3t /Al,O3 and Fedt /Al O3

and their linewidths has been completed and the theoretical linewidths for Cr3* and
Fe3t in the Al,O3 lattice have been calculated using the three models previously

mentioned.

The Spin Hamiltonians have been solved for Cr3t/Al;03 and Fe3* /Al O3 single
crystals and computer programmes have been developed to produce the E.P.R.
powder spectra simulations, the results of which have been recorded and compared

with the experimental powder spectra.

The application of Kittel and Abrahams’ model and the writing of the computer

programmes for powder simulations have led to lengthy analytical procedures.

Chapter 2 discusses in general terms the theory and interpretation of E.P.R. spec-
tra, linewidths and lineshapes and outlines the currently accepted models. Each of
the following three Chapters is devoted to a particular material. Thus Chapter 3

i

considers gadolinium doped aluminium oxide. Here the experimental and theoreti-



cal resuits are dealt with in the single crystal only, because supplies of this rather
unique material were limited. The theoretical part includes Van Vleck’s dipolar
theory and Kittel and; Abrahams’ model, both of which are applicable to single
crystals. Chapter 4 covers the experimental results and their theoretical interpreta-
tion for Cr3t/Al,03 in both forms of single crystal and powder for different ranges
of concentration and includes the results of the powder simulation. Chapter 5 re-
ports the experimental results of Fe3t/Al303 of both single crystal and powder
forms and their theoretical interpretation, together with the representation of the

powder simulation.

The respective results are discussed and interpreted in the later sections of each
Chapter. Taken as a whole, the work described in Part I extends and complements
previous studies made by Kirkby [1.4] and by Buckley [1.5] on neodymium and
gadolinium doped calcium tungstate; by Inglis [1.6] on iron doped magnesium ox-
ide single crystals; by Skinner [1.7] on both single crystal and powder magnesium
oxide doped with chromium or manganese and most recently by Williams [1.8] on
magnesio-iron ferrites and fine superparamgnetic precipitates. Most of the earlier
work had been concerned with single crystal data and theory. One of the principal
aims of the electron péramagnetic resonance studies undertaken here was to broaden
the base for the use and interpretation of E.P.R spectra obtained from powders. At

the present stage of technological advances this is of particular importance since



[1.10]

many of the materials arousing exceptional interest, e.g. the new classes of high
transition temperature oxide superconductors (Bednorz and Muller [1. 9] and Finnemore -
are being made as powders and used in sintered polycrystalline form rather than as

single crystals.

The second part of the Thesis refers to Aiuminjum Nitride( AIN). This work relates
to the need to provide insulating substrates for high performance Very Large Scale
Integration (VLSI) packaging. At present the most widely used materials are alu-
mina (Al203, both single crystal and polycrystalline) and cordierite glass ceramics,
(crystallised MgO — Al,03,—Si0;). While these materials have very good electrical
and dielectric properties, their suitability for high power devices is limited because
they both have low values of thermal conductivity. On the other hand aluminium
nitride is known to have a high thermal conductivity (up to one hundred times
that of aluminium oxide) and it is thought to have adequate dielectric properties.
However, it is a relatively new material. Its fabrication methods have not yet been
finalised (for example, there is at present no manufacturer of AIN in this country)
and the properties of the available commercial material have not yet been well es-
tablished. For these reasons a study of four types of AIN has been made with the
aim of establishing the extent to which either inherent impurities or defects intro-
l

duced during manufacture affect the dielectric behaviour of the resulting material.

This study involved some E.S.R. appraisal but also several other complementary



techniques.

Chapter 6 outlines the - experimental methods which comprised X-ray techniques,
Scanning Electron Miéroscope (S.E.M.) and Energy Dispersive Analysis by X-ray
(E.D.A.X.), Electron Spin Resonance (E.S.R.), the Gouy balance technique for
Curie temperature and susceptibility measurements and dielectric measurements
techiniques. Chapter 7 lists the experimental results obtained under each heading
and discusses the main features of each seperately. In the final Chapter, (Chapter 8),
all the results of Part II are discussed collectively and conclusions drawn regarding
the potential of aluminium nitride as a substrate material. Some comments are
also made on the more general question of the comparison of the permittivities of
the oxides and nitride:s of aluminium (studied here), silicon and magnesium all of
which are also of interest in relation to their potential applications as refractory

insulators.
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on

Doped Alumina



CHAPTER TWO

THE I[NTERPRETAT]ION OF E.P.R. SPECTRAL LINEWIDTH AND
LINESHAPE
2.1 Introduction

There are two important broadening mechanisms influencing the E.P.R.linewidth
and lineshape.The first is the homogeneous mechanism for example dipolar inter-
action,exchange interaction,and the spin-lattice relaxation .The second is any inho-
mogeneous mechanism such as the axial misorientation and strain at paramagnetic
sites. The homogenous broadening mechanism extends the response of every in-
dividual spin and broadens the response of the systemn as a whole by increasing
the coupling between different spins. Each individual spin in a magnetic system is
subjected not only to any externally applied magnetic field, but also to the local
fields of neighbouring magnetic dipoles.The necessity of magnetic dilution to reduce
spin-spin effects can be readily appreciated, as the resultant field at the site of any

spin is the sum of the effects of its neighbours.

With exchange interaction, paramagnetic spins may in some cases be located relative
to one another so that powerful short-range exchange forces become effective. The

interaction may be written in the form J(S1,.52), and is said to be isotropic if its



value depends solely on the scalar product, and hence on the relative orientation
of S1 and S;. In practice only g -orbitals exhibit isotropic charge densities and
consequently anisotropic exchange might generally be expected. Depending on the
relative strength of the dipolar interaction, exchange may influence the shape of

E.P.R. absorptions.

When we come to spin-lattice relaxation the uncertainty principle predicts that
there must be an uncertainty in its energy, if the lifetime of a quantum state is
finite and known. The h'fetimel'of a spin in an excited quantum state is the spin-

lattice relaxation time, and the lower limit of linewidth is governed by the equation

(2.1) Poole and Farach [2.1].

1
Af > T 2.1
where f is the width of the line in frequency units. In many laser materials, the relax-
ation time is sufficiently long for this mechanism to be relatively negligible, Buckley,
Thorp and Kirkby [2.2, 2.3, 2.4] We will be discussing in this Chapter the nature of
homogeneous broadening mechanisms especially dipolar and exchange interaction
(spin- spin interaction) and giving experimental evidence which suggests that the

dipolar mechanism largely determines the linewidths and lineshape of E.P.R. spec-

tra of Gd*3,Cr+3 and Fe*3inAlyO3. The experimental characteristics of E.P.R.

9



lineshape and linewidth and their dependence on the doping concentration are large
compared with the theoretical broadening due to the spin-lattice relaxation which
is negligible in the present context. Other sources of E.P.R. broadening, such as
interaction between ions and nuclei of surrounding diamagnetic ions, and inhomoge-
neous effects are not as important as the homogeneous mechanism; therefore, these
effects are not discussed. Details of me;cha,nisms which give rise to these sources of
broadening and the effects that they have upon linewidth and lineshape are given

in the standard text Abraham, Poole and Wertz [2.5, 2.6, 2.7].

2.2 The Determination of Lineshape and Linewidth - A Review

It is usual to consider the moments of the line, particularly the second and the
fourth moment and describe the shape of an individual resonance peak in terms of

them. The nth moment of a line can be written as (Al'tshuler and Kozyrev) [2.8].

My = [ * Fv — ) f(v)dv 2.2

where vy is the frequency at the point of maximum absorption of the resonance line

and f(v) is the lineshape function which is normalised so that

10



/Ooo Fv)dv =1 2.3

We can define M, as

M, = /oo u”™ f(u)du 2.4
=Y,
Where u = v — 1y and
f(v) = f(ro +u) = f(u) 2.5

and for narrow lines this becomes

M, = / ¥ w M w)du 2.6
—00

The odd moments vanish for all the symmetric lines. There are two alternative line
functions which are usually used to describe the experimental lineshape; these are

the Lorentzian and Gaussian approximations.

The Lorentzian curve is given by

11



A 1
flu) = g(m) 2.7a

While the Gaussian curve is

1
f(u)zax/i;

e’ /y0" 2.7b

These two lineshapes are shown in Fig (2.1) and o and A are defined below. The

linewidth Av is calculated according to the equation

flu =52 = 30) 28

and is given by

Av = 20V 2In?

= 2.350 2.9

for Gaussian lineshape and

12
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Fig. (2.1) a} Lorentzﬁdn and Gaussian absorption curves with

the same half amplitude linewidth
b) Lorentzian aid Gaussian absorption first derivative

curves with the same peak-to-peak linewidth



Av=A 2.10

for Lorentzian lineshape.For Gaussian lineshapes the even moments are

My, =1,3,5— — — —(2n — 1)o?" 2.11

For a Lorentzian Curve the cut-off frequency is
and

o >>

and the even moments are

- 2.12



The Gaussian and Lorentzian curves are symmetrical with respect to vg, therefore
the odd moments vanish. To examine the similarity between a given shape function
and the Gaussian or Lorentzian Curve, we calculate the ratio My/M2. In doing this

we may note that for the Gaussian curve

My/M2 =3 2.13
and for the Lorentzian Curve
My /M2 = % >>1 2.14

2.3 Spin-Spin Interaction

The interactions between neighbouring paramagnetic ions are known as Spin-Spin
interactions and these are responsible for both dipolar and exchange effects; An-
derson and Scientific staff [2.9, 2.10]. The dipolar interaction leads to a broadening
of the resonance line, whereas the exchange interactions narrow the line. Dipolar
broadening arises from the fact that each paramagnetic particle is subjected to the
aqtion of external magnetic fields. With Hy = H + Hj,. the resonance conditions

will be fulfilled for different values of Hy depending on Hj,.. The order of magnitude

14



of Hj,. = B/r® where r is the separation of the particle, so

AvwB? [ hrd

The spins may be coupled together by both dipolar and exchange interactions.
In such systems, the second moment is unaltered by the present exchange, being
dependent upon dipolar interactions alone, but because of the exchange terms in
the fourth moment equation the fourth moment becomes larger than it would be
in the absence of exchange. Thus, if both spin-spin interactions are important in
a material, the ratio My/M? is larger than it is in materials where the spin-spin
interactions are purely dipolar in origin. From equations (2.13) and (2.14) we may
conclude that exchange forces alter the dipolar lineshape in such a way that as they
increase in strength the lineshape moves away from Gaussian towards Lorentzian
i.e. the resonance peak is sharpened, the line becoming narrower at the centre and
dropping off more rapidly in the wings as shown in Fig. (2.2). The second moment
may no longer be used to calculate the linewidth in the manner described when
the broaderﬁng is due to dipolar interactions alone since such a calculation assumes
that the lineshape is G.a,ussian. However, Anderson and Weiss [2.11] showed that if

both exchange and dipolar forces are important, the half width, Av, is given by

M,
AI/ = m/—m 2.15

15



Intensity I(H)

Magnetic Field —>

Fig. (2.2) Absorption Lineshape a) Without
b) With exchange interaction (Van Vleck [2.13]1).



where Ma is the second moment due to dipolar broadening, and (J*/R) is the
exchange energy in frequency units. The overall effect of exchange forces, therefore,
is to reduce the linewidth. In systems where the spin-spin interactions are purely
dipolar in nature, the exchange terms in the fourth moment equation disappear and
evaluation of the ratio My/M? shows that the lineshape is Gaussian. The value of
the second moment may be used to calculate a theoretical value for the linewidth,

Av, since equations (2.8) and (2.11) show that for a Gaussian line

Av =235V M,

2.3.1 Van Vleck’s theory

The first rigorous mathematical description of dipolar broadening was given by Van
Vleck [2.12], who derived expressions for the second and fourth moments of absorp-
tion lines under certain limitations. Van Vleck concluded that the discrepancies
between theory and experiment could be explained by assuming that considerable
exchange interactions occurred. It must be remembered that his model only applied
to materials such as those listed in Table (2.1), in which the linewidths calculated
using the dipolar broadening theory were much larger than those observed. Van
Vleck considered the dipole-dipole interaction in a crystal with one type of param-

agnetic centre. He used a Hamiltonian of the form

16



Substance experimental Calculated My /M2
linewidth,Gauss | linewidth,Gauss

MnCl,4H,0 1.410 1.530 2.28
MnCl, 750 2.950 3.84
MnS044H,0 1.150 1.560 2.69
MnSO4H,0 320 2.870 4.54
MnSO, 665 3.520 3.33

| MnNOgH,0 1.210 1.003 2.92
MnF, 470 7.020 3.73

Table 2.1 : Some of Valn Vieck’s dipolar line broadening data. [2.13]



H=HgBY Si:j+ Y AixSiSk+9°B X [r;2(S5;.5%) — 3r5.S;.)(rix-Sk)]  2.16

k>3 k>j

where the first, second and third terms represent the Zeemann, exchange and dipolar

energies respectively; A; is related to the normal exchange integral by

Ajp =2/Tq

He found that only dipolar interaction contributes towards the second moment
whereas the fourth moment equation contains terms due to both dipolar and the
exchange interaction. He made the following assumptions in order to arrive at his

formula:

1) The paramagnetic center is purely spin in nature so that both initial splittings and

anisotropy of g-value are absent.
2) The Zeemann energy is larger than dipole-dipole interaction.

3) The temperature is high so that the population of the Zeemann levels can be re-

garded as identical.

Van Vleck’s second moment theory concerns two different types of dipolar interac-

17



tion, firstly interaction between atoms having the same g factor and the same spin
quantum number S and secondly the interaction between atoms of different g and
S, where the resonances of the two atoms do not overlap. If we assume that the
magnetic moment in all cases is characterized by g\ﬂS(—S:}—T)] where g = 2.0023
we can write explicit equations for the second moments in the two cases. For like

atoms

2,3 8\ 5~ 6300526,y — 1)2
< Ave >= 4S'(S+1)( ) D _or°(3cos’fj — 1) 2.17

h T
where < Av? > is the second moment of the line, being measured in radians per
second; g is the g factor of the atom; 3 is the Bohr magneton; rj; is the radius
vector from the reference atom j to all the neighbouring atoms labelled over k;6;;
is the angle between the radius vector and a crystallographic reference axis. For

unlike atoms

3

2 1 9965 -6 29 1\2
<AV > = 35(S+1)(—h 12> " r7%(3cos?8; — 1) 2.18
jk

where g refers to the reference atom; g* refers to the surrounding atoms. The nu-

merical factor % in the equation for like atoms, and % in the equation for unlike

atoms shows that like atoms produce a mean square broadening which is ;19- times

18



greater than that produced by unlike atoms. The reason for this is that the reso-

nances of like atoms do overlap and thus enhance the mutual coupling,Van Vleck

and Bleaney [2.13, 2.14].

Equations (2.17) and (2.18) can each be split into two parts, the first relating
only to the atomic parameters, the second describing the particular crystal system
being investigated. Van Vleck evaluated the (3cos?8;;, —1)? term by using direction
cosines but we shall use associated Legendre polynomials (spherical harmonics). In

this way, we can write

e 4 3w,
(3cos?§ —1)? = 5 + WZY( 2,m)(0m, dur)-Y2,m(6k, $1)
m

327
+5e 3 Y (0r, 65).Yam(6k, 6k) 2.19
m
0n and ¢ g refer the static magnetic field to the crystal axes, while 8 and ¢ refer
the radius vector to the same axes. For a crystal with the trigonal symmetry, the

only possible values of m are 0 and +4 [2.14]. Combining these with the standard

equation

()™Y' =Yi-m 2.20

and substituting in equation (2.19) we have

19



327

4
29 _ 2 _ =
(3cos 1) = s + 51

—[Y50(0m,0m).Y2,0(6k, 61)]

32
+[3—57rYZo(9H, ¢1)-Ya,0(6k, )]
64
e Vi O, 61).Ya 500, 61) 2.21

Thus in order to evaluate the basic term (r—5)(3cos?6 — 1) we need to index all the
active sites within a given radius of our reference site, and calculate r, 8, ¢ for each

one before performing the summations required. Our final equations become

a) for like atoms

<A >=Z 5(s+1)(9 i )2 42 —6

32”[1’20(93,¢H)Zr 55.0(68, )]

32W[Y4 O(GH,‘f’H)% $Ya0(8k, 91)]

64m _ ., -
+¥[n,3(afl,¢H§k °Yy,-a(60k, 9)] 2.22
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b) for unlike atoms
4
< AV? >= —S(s+1)(99ﬂ PEra
k

32T, _
+57 V20008, éu)d Tin Ya0(0k, ¢k
k

21 [Yl o(fH, ¢H)Z kY4 0(0k, 1))

e mg(ag,mz@kn O] 223

The standard forms of the spherical harmonics are well known, Mallis [2.15] and
are specified completely by § and ¢. The mean square width of the line, as given
by equations (2.32) and 2.33) must be converted into the derivative peak-to-peak
width, for comparison with experimental results. The peak-to-peak linewidth AH,,,

in Hertz is given by

AH... V(< Av? >)

K

H:z 2.24

To convert this frequency width into a magnetic field width the dv/OH parameter
must be calculated from the experimental evaluation of g as a function of polar

angle. Then

< Av? >
AH,,, = ( V' >) 0 tesla 2.25
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We shall concentrate first upon the crystal system and, having extracted r, 8, ¢ for
substitution in the preceding equations, we shall then consider the specific values

of S and g to be used for the particular dipolar interactions, Grant and Strandberg

[2.16).

2.3.2 Kittel and Abrahams’ Extension [2.17]

Kittel and Abrahams extended the theory of Van Vleck to cover a magnetically di-
lute system, and by assuming the absence of exchange, showed that a paramagnetic
concentration below 0.01% the dipolar line would be Lorentzian in shape, having a
width proportional to the paramagnetic concentration, whereas in the region above
0.1% the line would become Gaussian, with a width proportional to the square root
of the concentration. If f is the probability that a lattice site is occupied by a mag-
netic system, Kittel and Abrahams found that the second moment, in frequency

units,is given by

S(S +1)

< Av? >= [T]fzﬂ]zk 2.26
k

with

22



3 -
Bl = (592 2'I’jk?')2[(1 — 3cos?B;1))? 2.27

and the fourth moment can be written in the form [2.8]

1

h? < Av? >= 23 B%)? - 3 Ba(Bi1 — Bri)
k j=k=
Fo—t fld - e ES(S+UP 228
TOS(S+1)TkY 3 '

where r;; is the distance between the jth and kth atom, and 8;;, is the angle between
r;k and the applied magnetic field and the sum 3~;; is taken over all occupied sites.
Equation (2.28) is simply equivalent to My f where Mj is the value of the second
moment predicted by Van Vleck’s dipolar broadening theory. If (f{0.01), the term

proportional to f can be neglected, then:

<Avt> 1 EibBi
<Av?>  f(Tk /3]2};)2

2.29

If all the sites are occupied (f=1), then equation (2.28) is equal to Van Vleck’s
equation (2.24). For the value of f=0.1 ,the lineshape is approximately Gaussian.If
>0.01 the deviation from Gaussian shape becomes very marked and equation (2.29)

can be compared with equation (2.13) and (2.14) which shows that the lineshape
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may be described by a cut-off Lorentzian line.For the doped Al3;03 sample examined
in this work ,equations (2.12) and (2.29) are applied and the second and fourth

moments were derived For the cut-off Lorentzian curve, we may find that

AT T MS/Z

r (T B%)%? S(S+1) ]“1/2 2.30

=% |
3T h(Te A1) 14— men

where 3 ﬂ;*k includes a (3cos?6;; —1)* term, which can be evaluated using Legendre

polynomi OLL-;(spherical harmonics). In this way, we can write

48 320 1296
3cos?0;, — 1) = — + — 0 .
(3cos“0;;, — 1)* = T + pz( 0s8) + 105 p4(c039) 2.31
Therefore Kittel and Abrahams model of a dipolar broadening in dilute magnetic

materials predicts for a single crystal that the peak-to-peak linewidth AH,,s, is

given by

A
A}Ims:fﬁ
n (T B5) S(S+1) ~1/2
“ o P A ) 2P

S5
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For the powder form, we obtain

~—613/2 -1/2
O e 2,33

AHpy = 0.96f -2
(Zwrje” 1/2

0.3

taking into account that

4
(1 — 3cos?0)? = T

it is also found that

48
1 — 3cos’0)t = —
(1 — 3cos*8) 3E

2.3.3 de Biasi and Fernandes’ model [2.18]

The de Biasi and Fernandes’model is an extension of the theory of Kittel and Abra-
hams, by including the effect of exchange interaction in their model. Their model
for the concentration dependence of the linewidth in dilute solid solution indicates
that the probability of several ions being coupled together by exchange forces is
very low. The aim of de Biasi and Fernandes’ approach is to quantify the number

of exchange coupled pairs in a dilute solid solution and to exclude the ions - cou-
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pled together from the summate terms in the expressions for the dipolar linewidth

cut-off field of the truncated Lorentzian lineshape.

de Biasi and Fernandes suggested that the linewidth can be written as

AH 7

me = (3 \/g)A(S)fo/Q(O)Sz"I/z(G) 2.34

wherc f is the impurity concentration and S is the spin of the paramagnetic impurity

and in this expression

S(S +1) 1
_ 3
S1() =a® Y r73(1—3cos’0;i)? 2.35b
Tip>Te
S2(0) = a'? Y rj"klz(l — 3cos?8;1)* 2.35¢
Tjk>7'c
fo=f(1 = f)20e) 2.35d
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where a is the nearest neighbour distance in the host lattice, r;; is the distance
between j and k lattice sites and 6, is the angle between rj; and the magnetic field
direction; f, is the concentration of substitutional ions not coupled by the exchange
interaction, r is the effective range of the exchange interaction and Z(r.) is the

number of cationic sites included in a sphere of radius r.-The cut-off field is given

by
H, = Ho % 3B(S)(S20(6)/516(8))"/? 2.36
where
B(S) = (ogB/4ma®)[0.3 + 1.45(S + 1))/ 2.37
and
Hy = hv/gp 2.38

A(s) and B(s) are constants which depend upon the parameters characterizing the
paramagnetic ion and the host lattice,i.e. for the powdered form, the direction

cosines in equation (2.35b) and (2.35¢) can be replaced by their average over a
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sphere, when the peak-to-peak linewidth and the cut-off fields can then be given by

AHp, = C1A(S) 2.39
and
H = H. + C2B(S5) 2.40
where
3/2 1/2
C, = \/_/15fC[Sl(TC)] [Sa(re)]™ 2.41la
Cy = (3/21/7)[Sa(ro)]/[Sa(re)]/? 2.41b
Si(re) = a® Z Tk 2.41c
T]k C
Sa(re) =a'? 3 ril? 2.41d
rik>Tc
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It should be noted here that C; is a function of the total concentration of the
paramagnetic ion, the range of the exchange and the lattice geometry.Furthermore,
(2 depends only on the lattice geometry and the range of the exchange interaction.
The values of both coefficients Cy and C5 are independent of the parameters of
the paramagnetic ion and the host lattice.The sums Effk'c "j_ks and erk' c rj-;clz have
been calculated for different values of v, and the results are shown in Table (2.2),
where n is the number of the order of each coordinate, r = rj;/a is the radius of
the corresponding sphere and N is the number of cationic sites on the surface of
the nth coordination sphere. The values of Cyand Cy were subsequently calculated,
with the aid of Table (2.2). Specific detailed calculations were made using Van
Vleck’s dipolar theor;. Similar calculations were made using Kittel and Abrahams’
theory. The results for both sets of calculation are to be found in subsequent
Chapters. The most recent (de Biasi and Fernandes) theory has been examined
for the Cr3+/Al,0; system in two forms,i.e. for single crystal and powder, and its

applicability is discussed in Chapter 4.

29



nj r |N ,N’,"G,Lm% Nr=12 x 109 | Si(r.) | Sa(re)
11273041 2.4150 58.350 28.315 | 802.27
21280913 6.1068 12.430 71.607 | 170.90
31318713 2.8634 27.32 33.575 | 375.633
413504]|1 3.2417 17.51 38.01151 240.75
5147711 0.0848 0.07110 0.9943 | 0.9775
61476 |6 0.515 0.440 6.0383 { 6.049

Table 2.2 : Calculated values of S;(r.) and Sa(re) or the Aly0; lattice.
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CHAPTER THREE

E.P.R. STUDIES OF GADOLINIUM DOPED ALULMINA
3.1 Introduction

Rare earth-doped scheelites have been extensively studied and there has been some
investigation into the actual linewidths. An example of this is in a series of papers
by Russian workers, Vinokurov and Stephanov [3.1] in which gadolinium has been
used to dope a number of different scheelites. Gadolinium, in particular, is a monitor
ion in connection with studies in nucleation and crystallization in glasses, Hunt and
Taylor [3.2]. The trivalent gadolinium ion has seven unpaired electrons in the 4f
unfilled shell which make it half-filled and gives rise to a ground state 4f7,85; /2
The spin Hamiltonian for Gd®t in aluminium oxide has been written, Geschwind

and Remeika [3.3]

I = gBH.S + BS0J + BOY + B0 + B30? + B3O + BEO§ 3.1

The coefficients B are parameters determined by experiment and are related to
the more well known D and E term of the Spin Hamiltonian. They are defined by

the relations
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b =3BY b =60Bf bS=1260B¢

b3 =3B b =36B3 bS=1260B%

For a polar angle of § = 0, we can determine b3, 53,52, with the relative signs as the

following

b3 =1032.9 £2.0 63| = 18.3%+ 1.0
B =26+£05 66| = 5.0+ 0.5
b3 = +26.0 £ 0.5 63| =< 1.0

The spin function operators 0' have the same transformation properties as the
corresponding spherical harmonics Y;® and are fully described in papers, Baker,
Bleaney and Hayes [3.4] and Judd [3.5]. Geschwind and Remeika [3.3] reported

that the g value was equal to (1.9912 3 0.0005).

The ionic radius of Gld in octahedral coordination is 0.938A4 [3.3]. The Gd-Gd
distance ranges around 2.6A4 in a variety of compounds, Geller [3.6], while the Al-
O distances in Aly;03 are 1.9884 and 1.845;4. The cubic crystal field component
of the ground state is approximately 0.0621cm™!. The unit cell of « — 41,03 is

rhombohedral, Fig. (3.1a), having three equal edges (ap = 5.13744) and three equal
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b) | 7 c)

Fig. (3.1) a) portion of the Al,0;. The A3Y or 643" are found
between equally spaced plancs of oxygen
b) Referred to the hexagomal lattice
c) Rhombohedral unit cell



interaxial angles (a = 55°17") Wyckoff [3.7]. However, it is more convenient to refer
the unit cell to the hexagonal system with ag = 4.76644 and cy = 13.014A, Bragg
and Bragg [3.8] as indicated in Figure (3.1b). There are two types of Al sites which
are physically equivalent and the Gd®t entered selectively into one of these. The
r,8,$ values for all the sites are given in the reference, Thorp and Buckley [3.9].
It has been found that the aluminium sites lie on the surfaces of fifteen spheres.
The first sphere corresponds to nearest neighbours, the next to the next nearest

neighbours and so on; after the fifteenth sphere the interaction becomes negligible.

It has been suggested that the ionic radius of Gd*t is generally regarded as being
twice that of A3t yet at low levels of doping the Gd®* can enter the lattice without
disrupting its overall structure [3.3]. This means that at a concentration of 100 ppm,
other rare-earth ions whose ionic radii are smaller than that of gadoliniuum could

be incorporated into the AlyO3 lattice.

In this Chapter the experimental and theoretical examination of the 9.5 GHz elec-
tron paramagnetic resonance spectrum of Gd®* in single crystal alumina (Al,O3)

at room temperature will be discussed.
3.2 Experimental results

The E.P.R. spectra of G’d3’7A1203 single crystal was recorded on the Varian V4205-

15 spectrometer at room temperature with the magnetic field perpendicular to
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the ¢-axis. More details of the technique can be found in several E $.R. text
books, an example of which is ”A Comprehensive Treatise on E.S.R. Experimental
Technique” by Poole [3.10]. The sample used for linewidth measurements was grown
by Czochralski methods, and the gadolinium concentration was given as 100 ppm.
The specimen was cut to suit the spectrometer cavity requirement. The recording
shown in Figure (3.2) was made to establish the form of the first derivative spectrum.
Only one line was observed where the seven transitions coincide at hv = g8H. The
spectrum at # = o (where the polar angle ,6 , is defined as the angle between the ¢-
axis and the ma,gnetic'}‘i;ield) shows a (1/2<—>—1/2) line, centred at about g = 1.993.
This spectrum is due tvo Gd3* ions occupying octahedral symmetry sites. It was first
reported by Geschwind and Remeika [3.3]. Measurement of the (1/2<—5>—1/2) peak
to peak linewidths (A H,,s) were made as a function of polar angle , and the form of
the variation can be seen in Fig. (3.3). This figure shows that the linewidth varies
only slightly with polar angle; at § = 0°, AH,,, = 0.9mT and there is a shallow
maximum near 6 = 45° at which AHp, = 1.2m7T. The field values at which the
transition occured were also recorded as a function of polar anglf; Figure (3.4), and
the plot showed that the (1/2<~>—1/2) transition was markedly anisotropic. These
values were compared with the values reported by Geschwind et.al.[3.3] and showed
close agreement. We estimated that the measurements obtained are accurate to
about 10%. The angular positions, from which polar angles were derived, could be
measured with precision from the large graduated turntable on which the magnet
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was mounted; the major errors arose from the magnetic field calibrations and the

difficulty in estimating the exact positions of the peaks on the spectrum.
3.3 Theoretical Linewidth
3.3.1 Introduction

The calculation of dipolar broadening of the electron paramagnetic resonance lines
of Gd?”"'/Ale;; will follow the scheme previously described in Chapter 2. It is
assumed that the principal homogeneous broadening mechanism is dipole-dipole
interaction, and the magnitude of the homogeneous broadening is calculated using
Van Vleck’s second moment theory [3.11] and its extension by Kittel and Abrahams
[3.12]. The steps in the calculation have been described in detail in Chapter 2, and

only the basic outline and results will be presented here.

3.3.2 Results I: The Van Vieck Model

In Gd3t/Al,03 the dominant factor governing the dipolar linewidth will be the
Gd-Gd interaction. However, there is the possibility of a smaller contribution from

the Gd-Al interaction and this has been separately evaluated.
a) The Gadolinium - Gadolinium Interaction.

The second moment < Av? > of the linewidth caused by dipolar interaction for like
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atoms in aluminium oxide has been shown in Chapter 2, (equation 2.22) and can

be rewritten

<o >= 355+ 9 zﬁz ' {0.82;7"]-_,f
+4.787[Y;5 (0, ¢H)Zr;,f Y2,0(0k, 61)]
+2.872[ '40(9H,¢H)Zr S Yao(6k, éx)]
+2. 879[3’43(9H,¢H)Z7 " Y4,3(9k,¢k)]

+2.872[Yf _3(0m,6m) r]-‘k 4,~3(0k, ¢k)]} 3.2
k

The above equation is best described in two parts, the "atomic” part outside the
curly brackets and the ”geometric” part inside the curly brackets. Evaluation of the
”atomic” part only required the knowledge of g and S for the gadolinium ion. It is
worth emphasising the point that equation (3.2) is valid only for those atoms whose
magnetic moment is given by gm. Gadolinium has a spectroscopic state
8S57/9, 1s an S-state ion, and has a magnetic moment given by the above formula
with g= 2 and S = 7/2. Therefore equation (3.2) is directly applicable. This atomic

part can now be evaluated, giving

292 2
—S’(S +l)( 'B n = 1.256n x 107*(rad.sec™1)em™°
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where n is defined as the fraction of aluminium sites occupied by *Gd ions. This is

related x,the concentration in ppm,by the relation ,Thorp et.al[3.9]

T
n =
z + 100
Using Table (II) from reference [3.9],the ”geometric” part of equation (3.2) can be

partially evaluated, leading to the final equation.

) 3 9’82 , 45
< Av® >= ZS(S +l)(T) .nx 207 [12.847

+0.185Y50(0n, ¢ur) + 4.878Y (01, dn)

—4.025Y;3(0, 1) + 4.0251/;*,_3(911(1)3)] 3.3

We know from equation (2.20) that Y33 = —Y{;, Y5y = Y20, and Y = Yap,.
These give a difference in sign but in this case one also has a term ezp(¢3¢) which
is always found to have the value zero, (given the same value for Yy 3); since the
imaginary terms are always zero Yy _3 = —Y, 3. By taking ¢ = 0, and substituting
the values of n and g corr@sponding to the values used experimentally, curves of
dipolar broadening as a function of polar angle, 8, can be derived. Using the

transformation equation
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V< Av? >
AH,,, = OV 10%mT 3.4

- T OH

AH,s can be calculated and compared with the experimental values,(c.f.Chapter
2). The general theoretical curve is given in Figure (3.5). The linewidth is about
16mT at 6 = 0°, falling to about 10 mT near = 45° and rising again to 19mT at

6 = 90°.
b) The Gadolinium-Aluminium Interaction

For estimating the Gd-Al interaction, equation (2.23) in Chapter 2 can be rewritten

giving the following form:
1 g9'8% "
<AV >= 35S +H(=5—) 0.8 i
k
* —6
+4.787(Y5' (0, d1) i Yo,0(6k 62)]
k
* -6
+2.872(Y; (0, 1) 7 Ya0(Bkdi)]
k
* —6
+2.872[Y3(0m, o) Y 7 Ya (O )
k

+2.872[Y) _3(0n, ¢n) > r;,fl’:;,_g(ek(ﬁk)]} 3.5
k

However, in this interaction, the gadolinium is interacting with the nuclear spin of

APt whereas in that between Gd - Gd there is an electronic interaction. From
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n.m.r. tables, the nuclear g is 1.455 but for inclusion in the equation it must be
multiplied by the ratio of the nuclear magneton to the Bohr magneton, 1.e. giving
g = 1.456/1836 . Evaluation of equation 3.5 gives a linewidth due to the Gd-Al

interaction of only about 0.04 mT.

The theoretical linewidths for the Gd - Gd interaction are all greater than the
experimental values, for example, at § = 0° by approximately a factor of sixteen.
This is neglecting the effect of the Gd - Al interactions, which would have increased

the total theoretical width by about 3%.

3.3.3 Results II: The Kittel and Abrahams’ Model

The calculation of the dipolar linewidth based on Kittel and Abrahams’ extension

of Van Vleck’s theory, (section 2.3.2, Chapter 2) gave the following

3 -
;ﬂ?k = (Egzﬁz)z; rjk6(300329 — 1)2 3.6

and also

, 3 i
;ﬂﬁk = (§g2ﬁ2)42; rjk12(3co.920 — 1)4 3.7

The values of er_kﬁ are given in Table (II) of reference [3.9] and those of Erj"klz
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have been calculated from data given in the same Table. To facilitate calculation

equations (3.6) and (3.7) can be written in terms of spherical harmonics as

> B = (ggzﬂz)2 x 10%5[12.847
k
+0.185Y5 (0, d1r) + 40878Y o (051, dir)

—4.075Y;3(0n, dn) +4.025Y] _3(0n,én) 3.8

it is also found that

3
Y B = (§g2ﬁ2)4 x 10°°[31.4373
k
+0.5573Y5 (0, ¢ ) + 17.144Y (0, 1)

~14.339Y;'3(8p, xr) + 14.339Y; _3(8m, éxr)] 3.9

The geometric part of the above equation can be evaluated and it is relatively simple
to evaluate the atomic part of the expression given the g value. Equation (2.32) {s

used and the linewidth is given as

AHp, =0.0193f mT

For the concentration of 100 ppm
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AH,, =0.193 mT

Thus the Kittel and Abrahams’ model predicts a linewidth which is much less than

that predicted by the simple Van Vleck model.
3.4 Discussion

Looking at previous results, Figure (3.4), represents the situation where the mag-
netic field is rotated in the (IOTO) plane. The angular variation of (1/2 <—=
-1/2)transition shown in Figure (3.5) is comparable with the plot in Figure (3.3). The
predicted linewidths (Van Vleck) are about sixteen times greater than the observed
linewidths. Similar comparisons have been made. For example, in Na / Ca WO[{;,
OY‘jST&'f, Brown et.al.[3.13] found that the predicted widths agreed closely with
those observed. In double doped alumiga Cr/Ti/Al,O3 Thorp.et.al [3.9] found that
the predicted widths were seven times larger than those observed and in gadolin-
ium doped calcium tungstate, Thorp.et.al [3.14] found a similar factor. In these
examples there was reasonably good correlation between the forms of the predicted
and observed angular ;ra,ria,tions of the linewidths and also between the linewidth

versus concentration variation. With the present data, only the form of the angular

variation of the linewidth corresponds.

The experimental observation of Gd®t in the substitutional site indicates that in the
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substitution of Gd3* for A3t (whose ionic radius is half as large) at

level less than 0.2%, matching of ionic radii is not an all important criterion for
incorporation into the lattice.In most rare earths, the screened position of the 4¢
electrons makes exchange interaction unlikely. However, gadolinium is one of the
few rare earths to give an E.P.R. spectrum at room temperature which makes it
different. In addition, below 289K, gadolinium metal is ferromagnetic and it is

possible that there is some exchange interaction.

At the low level of Gd concentration (i.e. 100 ppm) used, the Gd-Gd spacings
are large because the Gd atoms are separated by many unit cells. Under these
conditions, however? exchange interactions could hardly have any appreciable effect
on the absorption linewidth (exchange interactions usually occur over distances of
not more than a few unit cell parameters). Consequently, exchange effects at such

a low Gd concentration can be neglected.
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CHAPTER FOUR

E.P.R. INVESTIGATIONS OF CHROMIUM IN ALUMINIUM OXIDE

SINGLE CRYSTALS AND POWDERS

4.1 INTRODUCTION

Ruby is important as a laser material, having been among the first few single crystal
solid state materials in which laser action was reported, Maiman [4.1]. Aluminium
oxide is trigonal with lattice parameters a = 4.7584, ¢ = 12.9914 [4.2], which are
substantially unaffected by the addition of small doping levels of chromium. In
ruby the aluminium atoms are found between the planes of oxygen in equivalent
sites. The octohedral co-ordination is severely distorted and Cj3, is the only site
symmetry. The electron configuration for the free Cr ion is 3d3, with a 4f ground
state. The crystal field in Al03 at the Cr site is trigonal (C3,) and is the same for
all Cr ions. The splitting of the ground state levels for all levels as a function of
magnetic field togetl;ér with the observable transitions at 9.56Hz are shown in-Fig
[4.1]. Detailed discussion of the energy levels of Cr3t in Al,O03 can be found in the

review papers by Sugano and Tanabe [4.3] and by Tsujikawa [4.4].

Ruby crystal has high chemical stability, a low dielectric loss and good thermal prop-
erties. In the ruby lattice different ion groups can be incorporated, e.g. Cr3t Fe3+
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and Cu®t. Their early E.S.R. properties have been studied by Howarth [4.5],
[4.6] and Low [4.7]. respectively. Paramagnetic resonance for Cr3t/Al;03 as a sin-
gle crystal has been reported in the literature [4.8, 4.9, 4.10]. Unfortunately there
is not much information about the powder form. One of the first detailed investiga-
tions of ruby doped with chromium at room temperature was reported by Howarth
[4.8] and Grant [4.9]. The E.§.R. spectrum is described by the Spin Hamiltonian

which takes the form, ( Howarth, 1958)

1

with S = 3/2.

Howarth reported that the g valties were equal to (&: 2.00 & 0.002,%: 2.003 +
0.006) and Manenkov and Prokhorov remeasured them, reporting similar g values
of g,L_ = 1.9894 and g”= 1.9867 . The crystal field parameter D has the value 5.75
kHz [4.4). The energy levels and transition probabilities derived from the Spin
Hamiltonian have been worked out in detail by Davis and Strandberg [4.10] and by
Schulz- Dubois [4.11] The hyperfine interaction with the Crs3 nucleus (10% natural
abundance) certainly exists and was observed first by Manénkov and Prokhorov

[4.11]. The hyperfine separation has been measured for atomic aluminium [4.13]

and is 1450MHz.
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In this Chapter the experimental and theoretical examination of the 9.5 GHz elec-
tron spin resonance of Cr3t in both single crystal and powder forms of alumina
(Aly03) will be studied; all the data refers to room temperature but a limited range

of chromium concentration was examined.

4.2 Experimental results of Cr3t/Al,0; single crystals

The E.P.R. spectra of Cr3t/Al,O; were recordéd on the Varian V4205-12 Spec-
trometer at room temperature, with the magnetic field perpendicular to the ¢-axis.
In all, five samples were examined, in which the concentration of the chromium
dopant ranged from 150 ppm to 2000 ppm; these concentrations were determined

using X-ray fluorescence techniques. The complete list of chromium concentrations

can be seen in Table (4.1).

Several recordings of t‘:he first derivative spectra were obtained for each of the speci-
mens examined. The particular spectrum illustrated in Fig (4.2a) was obtained from
a sample with a chromium concentration of 530 ppm. The spectrum in Fig(4.2b) at
§ = 0° (where 8 is the angle between the magnetic field’s direction and the crystal-
lographic ¢-axis) shows several lines of which the central line is at approximately
g = 1.987. A similar value observed for Cr3t/Al,0; has been reported [4.7] and
[4.8].

2

48



749 20676 0 = g Mgsz 47 *-w-d-d org 292 i/ 4 1235440 s16uLs Jo wnazoads *¥*q°3 (ez'¥) b4

JW g gge 1w 9gge

~__




%ﬂ—b
[
] Ed

3 1 3 1
2<->=2 2<>2
1 3
-2<+>2 _
. _
g | )
S
N
11
R4
4 P9 £
4£3.18 33818 387.15 818.17
mT | mT mT mT

Fig. (4.2b) Extended E.P.R. spectrum of single crystal Cr3+/i\lz@3; 530 p.p.m. Cr; 293K,
9.486 GHz



The angular variation of the (1/2 a—= — 1/2) transition was investigated for the
sample containing 530 ppm of chromium. Qur measurements were restricted to one
dopant concentration because it was assumed that the general characteristics dis-
played by the angular variation of the spectrum at one particular dopant concentra-
tion would be common to all the samples, whatever the dopant concentration. This
is a reasonable assumption to make since the Cr3%t centre responsible for the spec-
trum should have identical properties in each of the five chromium doped aluminium
oxide samples examined. The spectra were recorded at 10° intervals between 8 = 0°
and 6 = 90° as the crystals doped with 530 ppm of chromium were rotated in C-axis.
The variations of all thie transitions are depicted in Fig. (4.3). The (1/22 -—1/2)
transition and the other transitions such as (3/2 o= — 1/2),(—1/2@—&>3/2) and
(43/29-+—3/2) were markedly anisotropic. The field values at which the transitions
occured were compared with the values expected from the energy level diagram [4.7]
and clése agreement was found. At the same time there were similarit.ies between

the transitions of the feature of Fig. (4.2) and the plot for the same transitions in

Fig. (4.1).

The g factor and peak‘-to—peakk linewidth of the (1/2 <— — 1/2) central transition
(AH,,s) were determined for each of the spectra recorded at10%intervals from the
sample doped with 530 ppm of chromium and listed in Table (4.1). Fig (4.4)

shows a plot of the average width of the (1/2 «—= — 1/2) transition against the
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Chromium g Factor | Experimental Linewidth | Calculated Van Vieck
concentration ppm AHps(mT) Liéew?ét%l AH'T,(,niT)

150 1.986 1.75 6.72

310 1.987 1.50 9.621

420 1.986 1.48 11.23

530 1.987 1.56 12.26

870 1.986 1.87 16.13

2000 1.986 2.32 24.52

Table 4.1 E.P.R. parameters for single érystal Cr3+ /Al,03 samples; 293k and 9.50 GHz
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chromium concentrations.The linewidth variation for the (1/2=—>—1/2) transition

as a function of 8 are depicted in Figure (4.5).
4.3 Theoretical calculation for single crystal
4.3.1. Van Vleck dipelar broadening theory

The complete Van Vleck Theory [4.15] has been described in Chapter 2, section

23.1. For Cr3t/Al,O; the general expression for the second moment is given by:-

a) for like atoms

< AV >= §S(S +é7,)(ﬁ)2 n x 10%°[12.847
T4 #i '
+0.185Y5o(0n, du) + 4.878Y; o (0m, dr)

—4.025Y3(8m, $) + 4.025Y; _3(8m, ér)] 4.2a

b) for unlike atoms
2 1 99'8% 45
< Ave >= ES(S +1)(T) n x 10 [12.847

+0.185Y5 (8, 1) + 4.878Y} (6, dr)

—4.025Y4’f3(9y, o)+ 4.0251{;’:_3(91{, ém)| 4.2b

For like atoms the first term (i.e. the atomic part) becomes:-
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25(5 +9)(g26% /)% .n = 2.989 x 10~ .n(rad.sec™)?em®

and for unlike atoms it is

%S(S +2)(gg' B2 /%)% .n = 0.266 x 10~ .n(rad.sec™!)2em®

Converting from Av to AHp,s via the expression

Ams

_ V< A2 >0H
™

5 < 10°mT 4.3

gives the theoretical linewidths shown in the last column of Table (4.1) and in Fig
(4.6). It is seen from this that the linewidth is near 12 mT over the whole of the

angular range.

4.3.2 Kittel and Abrahams’ model

The calculation of the dipolar linewidths based on Kittel and Abrahams’ model
[4.16] follows the procedure described in Chapter 3. Here of course there is a

difference in the atomic part and the effect of these changes is that
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AHps =0.965 x 1074 x f mT

For the concentrations of 530 ppm and 2000 ppm, the linewidths are 4.827 mT and
19.30 mT respectively. (on the Kittel and Abrahams’ model, the linewidth varies

directly as f.)
4.3.3 de Biasi and Fernandes’ model

The theoretical peak-to-peak linewidths predicted by de Biasi and Fernandes’ dipo-
lar broadening theory [4.17] for six different ranges of the exchange interaction
have been derived. The parameter A(s) was determined from equation (2.35a) with
g=1.98,a=4.758 and S = 3/2. This was repeated for each value of n, using equation
(2.34) and the appropriate values of S1(6), and S3(6) given in Table (2.2). The
experimental linewidths of the (1/2 g—>—1/2) line for a chromium concentration of
530 ppm do not agreé with any of the theoretical values predicted by de Biasi and
Fernandes’ model which ranged from 4.006 x 10™*mT for n = 1 to 1.47 x 10~ 9mT
for n = 4. However, i‘t! is likely that this discrepancy is due to the fact the de Biasi

and Fernandes’ theory only applies to powdered samples.

The experimental linewidth for Cr+3/Al,03 powder samples will be compared with
the theoretical linewidth in order to assess properly whether the application of de

Biasi and Fernandes’ model to the Cr3*/Al,03 system is valid.
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4.4 Discussion of the single crystal results

We first summarise the most important feature of the experimental results. The
experimental linewidth appears to be almost concentration independent below 1000
ppm and dépendent above that. Furthermore, the observed linewidth appears de-
pendent on polar angle which shows a maximum when 8 lies between 45° and
55°. Comparing these observations with the Van Vleck theory, it can be seen that
the linewidfhs predicted from this theory are six times larger than the observed
linewidths. On the other hand the theoretical linewidths predicted by Kittel and
Abrahams’ model were found to be concentration dependent and produced a close

agreement with the experimental linewidth.

The Cr-Al interaction, as noted in Chapter 3 for Gd-Al,produces a smaller effect
than the other Cr-Cr interaction. The actual value of AH,,, for this interaction
was found to vary between 0.2 and 0.5mT in the Gd-Al interaction. There is a
close proximity in the magnitude with the experimental linewidths,only a small
part of the total width is due to the Cr-Al broadening. Also, the theoretical Cr-Cr
linewidth is much greater than the Cr-Al interaction. There is an agreement with
work done by Manenkov and Prokhorov [4.18], Grant and Strandberg [4.8] and
Thorp [4.19]. Grant and Strandberg [4.8] discussed the lineshape results of ruby
from the continuous distribution of dipoles cutting off at an inner radius r . At low
concentrations (< 0.5%)for the transition the line was Lorentzian in shape having a
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concentration independent width given by AH = 12.6Gauss. Interactions between
the chromium ions themselves are independent of interaction between the ions and
the lattice. In these circumstances the overall lineshape is obtained by convolution
of the various components, and, at low concentrations, the experimental lineshape
is Gaussian with independence of concentration up to about0.1%. As concentration
increases the Lorentzian dipolar component takes over, but this trend is reversed as
the dipolar line beco.mes Gaussian. The interactions at high concentrations result
in a greater Lorentzian dipolar contribution to the overall line, causing departures

from the Gaussian shape. Such departures have been observed [4.8] and are shown

in Fig. (4.7)

4.5 Characterisation of the EPR spectra of the C’rsq/’Aleg powdered sam-

ples

Powders were prepared by grinding a small amount of single crystal using a Glen
Creaston tungsten carbide ball mill. Spectra were recorded from all five powder
samples on the Varian V4205-15 EPR spectrometer at room temperature. The
traces obtained were very similar and a typical example is shown in Fig(4.8). This
particular spectrum was recorded from the powder with the Cr concentration of 530
ppm. The field values of the features at H = 212mT (with strong, narrow positive
peak), H = 532.01 mT (with medium, wide, positive and negative peak) and H =

640.0 mT (medium, narrow, negative peak) were noted.
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The Cr3* spectra obtained from the powder samples were analysed using exactly
the same procedures as for the single crystals samples (sce Section 4.2). For the 530 PP
Cr concentration the values for g and the linewidth are 3.17 and 3.41mT respectively.
The powder contains crytallites orientated at random. The number of ions for which
the magnetic field makes an angle between 8 and (6 + df) is proportional to Sinfdf
and,since the spectrum is not affected by several of the magnetic fields, we may
consider the range of angles to lie between 0 and 7,then, the factor of proportionality
will be unity. The spectrum of any ion that is anisotropic will naturally be spread
out and the information for the spectrum reduced. Because all the lines in the single
crystal are anisotropic, there is no direct correspondence between the field values

of the powder feature and those of the single crystal.

The paramagnetic property of the powder form is a result of Cr3% displacing A3+
in the lattice of corrundum.There are 5.7 x 0.5% = 2.85 atoms of chromium per
unit cell where 5.7 is the number of Al atoms per unit cell, and 0.05unit cells can
be found from the volume, and using some calculation, we found the number of
chromium atoms is 18.35 x 10® for the weight of 0.0752 gms of powdered single

crystal.
4.6 Computer simulation of powder spectrum

Computer simulationg of the powder spectrg, ' of Cr3t in Al sites in Al,O3 were
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tonian and the simulation of it from the observed single crystal data has been

written, and the results were computed.

The idea of the simulation is that in the powder the crystallites are randomly ori-
entated and selecting the 6 and d6 in this way would give a true simulation. The
g values corresponding to ¢ and Sin§ were calculated and the related values of the
resonant field were found. An array was set up for each element covering the whole
field range, and the array element incremented each time that the resonant field
occured. This was performed for both constants, and by adding a different amount
to the array for each transition, the effect of differing transitions could be simulated.
The line was broadened and differentiated for comparison with the experiment. At
any given dopant concentration the spectra predicted by the various methods were
identical and typical examples of the simulation obtained for the powders contain-
ing 530 ppm chromium are shown in Fig (4.9). The variables in the simulation
procedure are the crystal field parameters (A and g), the microwave frequency,
the lineshape function and the linewidth. At any given dopant concentration, the
powder spectrum was simulated using Lorentzian and Gaussian lineshape functions
whose peak-to-peak linewidth corresponded to that of the central transition in the
single crystal spectrum of the sample doped at the same level (AH,,, in Table 4.1).
A Gaussian lineshape function was chosen for the purpose of the simulation because

the experimental central transition in the single crystal spectrum at 530 ppm showed
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that it has this shape. The values of A and g determined experimentally from the
single crystal spectrum at a particular dopant concentration were used to simulate
the powder spectrum at the same dopant concentration. At any given doping level,
the powder spectrum was simulated at the microwave frequency used to record the
experimental powder spectrum so that the field positions of spectral lines in the
simulated and experimental powder spectra could be directly compared. Thus, the

powder spectra of the five specimens examined were simulated at the microwave

frequency 9.502 GHz.

Since the single crystal parameters were used in the simulation procedure and the
Cr3* spectrum is anisotropic, the computed powder spectrum will not be identical
to the experimental single crystal spectrum. It should be identical to the experimen-
tal powder spectrum at the same dopant concentration (except that the magnetic
field values at which the transition occur will be shifted a little to those appropriate
for the microwave frequency). The g values and the linewidth between points of
maximum slope were determined from the computed spectrum and it was found

that they agreed well with corresponding values at all dopant concentrations.
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4.7 Theory and discussion of the powder linewidth

4,7.1 Van Vleck Linewidth

The dipolar linewidth for the powder has been given by Van Vleck [4.15] and his

description takes the form

< Av? >= §g4ﬂ4
5 %

S(S+ 1n er—ke
k

where the powers of the direction cosines in equation (2.17 ) are replaced by their
averages over a sphere. The linewidth for the feature at H = 212 mT has been
calculated for the concentration of 530 ppm using the g value obtained from the

powder spectrum and has the value

which is some five times greater than the experimentally observed width of 3.14mT.
4.7.2 Kittel and Abrahams’ Linewidth

The Kittel and Abraham linewidth for the powder form has been shown in Chapter

2 (Section 2.3.2). For the concentration of 530 ppm, the calculated linewidth again
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for the same feature at H = 212 mT using equation (2.33) gives

AHpys = 6.29mT

This result gives reasonable agreement with the observed linewidth and is less than

that predicted by the Van Vleck model.
4.7.3 de Baisi and Fernandes’ Model

The term C) in equation (2.39) (the function of the total concentration of the
paramagnetic ion, the range of the exchange interaction and the lattice geometry)
was calculated using the same values of the constants g, a and S and the same
methods as those which were employed to determine the linewidth for n = 1 to
n = 4 in the single crystal (see Section 4.3). These theoretical linewidths were
9.13 x 1072 mT for n = 1 and 2.62 x 10~°mT for n=4. The experimental values of
linewidth do not agree with any of the theoretical values. This discrepancy between
theory and experimental is not due to broadening of the lines nor is it likely to
be due to strain. The disagreement between the linewidths predicted by de Biasi
and Fernandes’ model and those observed experimentally for (1/2 -1/2)
transitions of the powders is probably due to the fact that the model only holds

in the absence of fine structure of the spin energy level . Therefore it can only be
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directly applied to ions with s<2

in cubic symmetry and the ions with S = 1/2 in any other symmetry. Hence, in
the Cr3*/Al,03 powders examined, de Biasi and Fernandes’ theoretical results are
not, strictly, , speaking applicable to this system, as Cr3t has a spin, S, of 3/2 in

tetragonal symmetry.
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CHAPTER FIVE

E.P.R. STUDIES OF TRON IN ALUMINIUM OXIDE SINGLE
CRYSTAL AND POWDER
5.1. Introduction

The crystal structure of aluminium oxide has been described previously in this
thesis. In Al20O3 doped with ferric ions the ferric ions replace the aluminium ion
isomorphously in the crystalline lattice of corrundum <There are two nonequivalent
sites, differing in the direction of the cubic axis of the crystalline field, which exhibit
trigonal symmetry about the ¢-axis, Howarth and Hensman [5.1]. The electronic
configuration of the unfilled shell is 3d with an s ground state. The crystal field
in Al;O; at the Fe site is trigonal (C3,). The splitting of the §® ground state has
been studied by Kornienko and Prokhorov [5.2] and Bogle and Symmons [5.3]. The
splitting of the ground state levels as a function of magnetic field toggther with
the observable transitions are shown in Fig(5.1). The paramagnetic resonance for
Fe¥t /Al,O3 as a single crystal has been reported fairly extensively in the literature,

[5.1 - 5.6]. and can be interpreted by a Spin Hamiltonian which takes the form [5.1].

95

707 7 18
—F[St - =524+ ] 5.1

_ 285, 1 o _ 107,
H =gBHS+D(S? 12)+6a(5 +S+S 16)+36

63



i~

—— Frequency (c m™h
=)

=4

-8

-1.2
-1.6 ] I ! I ] |
1 2 3 b 5 6

——> Magnetic Field H (Kilogauss)

Fig. (5.1) Energy level diagram of lFe-"i in A1,0;, with the
magnetic field perpendicular to the C-axis



Kornienko and Prokhorov reported the g value equal to (2.003+0.001) and Howarth
reported a similar g value (2.003). The Spin Hamiltonian coefficient D has the
value (1684 £ 3x10~%*cm™!) and the cubic lattice constant has the value |a| =
(262 £ 2 x 10~%*cm 1) [5.8] The crystal field splitting of the ground state is caused
by the trigonal field along the i-axis There are also cubic field components whose
axes with respect to the C-axis lies in the [11‘1] direction; these cubic fields lie in

the a-c crystallographic plane.

In this Chapter, a description is given of the experimental and theoretical exam-
ination of the 9.5GHz electron paramagnetic resonance spectra which have been
studied for Fe3/Al303 on both the single crystal and powder forms with 1000 ppm

Fe concentration. All the data was obtained at room temperature.

5.2 Experimental results of Fe3t/Al;0; single crystals

The E.P.R. spectrum of Fe3+/A1203 was recorded on the Varian V4205-12 spec-
trometer at room temPerature, with the magnetic field perpendicular to the C-axis.
More details of the technique can be found in several E.§ R. text books, an exam-
ple of which is ”A Comprehensive Treatise on E.S.R. Experimental Technique” by
Poole [5.7] The sample was examined using the X-ray fluorescence technique, which

confirmed that the concentration of the iron dopant was 1000 ppm.
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The E.P.R. spectrum illustrated in Fig (5.2) was obtained from the sample at § = 0.
The g value of the line is about 2.004 which is the same as the reported value for
the (1/2 ©—o — 1/2) transition in [5.2) Measurements of the magnetic field values
at resonance and linewidth determinations were made as functions of the polar
angle. There is no change in the resonance field with the polar angle. The linewidth
defined as the width between point of maximum slope, AH,,,, was obtained directly
from the E.P.R. spectrum. The measured linewidth was about 1.35 mT which was

independent of the polar angle as shown in Fig (5.3).

5.3. Theoretical calculation for Fe3+/Aleg single crystal
5.3.1 Van Vleck dipolar broadening theory [5.8]

One needs the equation for dipolar broadening between like atoms, in order to
calculate the linewidth caused by dipolar interaction between the F'e3t ions in the
aluminium oxide lattice. For Fe3*, S = 5/3 and in the Al;0j3 lattice the g value is

1.987. The atomic part of equation (2.22 Chapter2 ) , can be evaluated as

ZS(S +1)(g?8%/R).n = 1.256.n x 1072 (rad.sec™ )emn® 5.2

Using Table II of reference [5.9], the geometrical part of equation (2.22) can be

partially simplified leading to the final equation for the second moment for like
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atoms. For Fe*t/Al,O3, this becomes

< Av? >=1.256 x 107 24.nx10%[12.847
+0.185Y5 (0w, prr) + 4.878Y 4 (0m, b 1)

—4.025Y3(0, pur) + 4.025Yf _3(6m, )] 5.3

Using the transformation equation (2.25), and considering the peak to peak deriva-
tive, the linewidths have been calculated. The theoretical curves for the variation
of the linewidth with the polar angle are given in Fig.(5.3); this theoretical curve
applies for a concentration of 1000 ppm Fe, so that the theoretical and experimental

plots are directly comparable.

A similar calculation was made in order to assess the magnitude of contributions
to the linewidth due to dipolar interaction between unlike atoms. In this instance
the Fe-Al interaction must be considered. As previously explained in the earlier
Chapters for both the Gd-Al and the Cr-Al interactions, the effect is very small.
The magnitude of the Fe-Al interaction is comparable and therefore, its contribution

can also be neglected.

5.3.2 Kittel and Abrahams’ Model [5.10]

The calculation of the dipolar linewidth on Kittel and Abrahams’ model follows the
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procedure described in Chapter 3. There is a difference in the atomic part and in

the spins and the effect of these changes is to give a linewidth of

AHps =2.1TmT

for the concentration of 1000ppm.

5.4 Discussion of single crystal results

The analysis of the linewidth data showed that the values predicted on the basis of
Van Vleck dipolar theory for 1000ppm Fe concentration are about nine times larger
than the observed linewidth. On the other hand, the calculation of the linewidth
using the Kittel and Abrahams’ model agreed reasonably well with the observed
linewidth for the known concentration. It is important to note that there is close
agreement between our linewidth result based on Kittel and Abrahams’ theory and

the similar work done by Bogle [5.3], for the same concentration of iron.

The evidence indicated that any contribution from exchange interaction is ex-
tremely small. The comparison of the experimental data with theory showed
that dipolar broadening mechanisms were present and were indeed the dominat-
ing factors affecting the linewidth. This result is remarkably similar to that en-

countered with both Gd*t/Al,03 and Cr3*/Al,03. Thus in all these systems, i.e.
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Gd3t /Al O3,Cr3t [Al,O3 and Fe3"%4l2 O3 it is found that the Kittel and Abrahams’
dipolar broadening theory is quite adequate to explain the experimental linewidth
observations. The earlier Van Vleck dipolar broadening model does give an order
of magnitude fit for the experimental linewidths in these three materials, but the

agreement is not so close as with Kittel and Abrahams’ more refined model.

5.5 Characterisation of the E.P.R. spectrum of the Fe3*/Al,03 Powder

Sample

The powder was prepared from single crystal and was obtained by grinding a small
amount of single crystal using a Glen Creaston tungsten carbide ball mill. The
spectrum was recorded from the powder sample on the Varian V4205-15 E.S.R.
Spectrometer at room temperature and is shown in Fig. (5.4). The field value for
the feature is H = 339mT (with positive and negative peak). The Fe3*t spectrum
obtained from the powder sample was analysed using similar procedures to those
previously employed for the single crystal sample (see section 5.2). The values

obtained for g and the linewidth AH were 2.002 and 2.17 mT respectively.

Since the E.P.R. line(1/2 «=>—1/2)in the single crystal is isotropic, there is direct
correspondence between the field value of the powder feature and of the single
crystal. The resulting spectrum found experimentally for the powder shows only one

line which has the same field value as the (1/2¢——1/2) single crystal line; therefore,
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the observed powder line may be identified with the line observed in the single
crystal, which corresponds to the (1/2 o= —1/2) transition. Computer simulation
of the powder spectrum of Fe3t in Al;O3 was undertaken .The features which are
present in the experimental results are not seen in the simulated powder
spectrum which only displays the (1/2 <—= — 1/2) line and only this transition was
indicated in the simulation procedure undertaken. The calculation of the powder
spectrum from the Spin Hamiltonian has been completed, using the observed single
crystal data. The simulated spectrum was derived using similar procedures and
ideas as for Cr3*/Al,0; (see Chapter 4). Computer methods for the simulation of
powder spectra have also been reported for a number of different materials. Most
methods used in predicting such spectra have a common starting point. A selection

of these methods is given in the references [5.11 - 5.16].

The spectrum predicted is shown in Fig(5.5). The variables in the simulation are the
crystal field parameters (A and g), the microwave frequency, the lineshape functions
and the linewidth. At 1000ppm dopant concentration, the powder spectrum was
simulatgd using both Lorentzian and Gaussian lineshape functions whose peak-to-
peak linewidth corresponded to that of the central transition in the single crystal
spectrum. Of the two, the Gaussian lineshape function is likely to be more suitable
for the purpose of the simulation because analysis of the central transition in the

experimental single crystal Fe3t spectrum showed that it has this lineshape . Since
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the single crystal parameters were used in the simulation procedure and because
the Fe3t spectrum is isotropic, the computed powder spectrum will be identical
to the experimental single crystal spectrum. The g value and the linewidth were
determined from the computed spectrum and have the values 1.996 and 1.67mT

respectively.

The agreement between the experimental powder spectra and that simulated for
Fedt jon in AlyOj3 provides and confirms evidence that the experimental powder

spectrum is due to thei F'e3t ion in the AloOj3 lattice symmetry.

The theoretical linewidths were calculated for both Van Vleck’s dipolar theory and
Kittel and Abrahams’ model, following the same methods described in Chapter
4. The difference here is that Fe*t has the spin S = 5/2 and the g value was
taken from the experimental powder spectrum of Fe3t in Al303. As has been
explained before and from our result, Kittel and Abrahams’ model produces a very
satisfactory value of AHy,, = 8.193mT for the concentration of 1000ppm, whereas

the Van Vleck model predicts 22.79 mT.
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CHAPTER SIX

EXPERIMENTAL TECHNIQUES

6.1 X-Ray Techiniques

The first stage of the investigation of the structure and composition of the four
different samples of aluminium nitride, (AIN), was by X-ray powder photographs.
Copper Ka radiation was used. From these powder spectra the d values and the

unit cell parameters were derived for all the samples and were compared with the

A.S.T.M. index cards.

For the second stage a X-ray diffractometer (a PW 1130 Philips 3 kilowatt equip-
ment) was used. Copper Ko radiation was used with a nickel filter; the counter
was a sealed proportional type and was moved at the rate of between 19 to 20° per
minute. The result for each as sample,which was obtained as a chart recording,was
labelled using the index cards so as to identify the lines due to AIN and hence

establish whether impurity lines were also present.

The X-ray fluorescence technique was employed in order to make an elemental
analysis of the impurity contents. A PW 1400 Philips X-ray spectrometer with a
rhodium X-ray tube was available. This used a LiF analysis crystal, (220) planes,

and had both scintillation and flow counter detectors .
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6.2 S.E.M. and E.D.A.X., Technique

The Cambridge Stereoscan 600 Scanning Electron Microscope (S.E.M) was used to
obtain microstructural information. The processed data was presented as a plot of
the variation of X-ray intensity with X-ray energy; this plot is the E.D.A.X. (Energy
Dispersive Analysis by X-ray) trace, which can be taken from small, selected areas
of the sample. The spectra of the AIN samples were obtained at different positions

on each sample.

The AIN samples were prepared by placing some of the powder on an adhesive tape
on a metal mount. It was found that charging effects caused by the electron beam
hitting the insulating particles caused the image to be distorted, so that a layer of

gold was sputtered onto the samples to conduct this charge away.

6.3 Electron Spin Resonance

The E.S.R. spectra of the AIN samples were recorded on the Varian 4205-12 Spec-
trometer at room temperature, liquid nitrogen and liquid helium temperatures. The
temperature controller V-4540 was used which maintained the nitrogen at a prese-
lected temperature. F{or temperatures in the range 90K - ambient the dry nitrogen
was first cooled by ;;;Lssing it through a heat exchanger comprising a coiled cop-

per tube, immersed in liquid nitrogen, from which it emerged at a temperature of

about 80K. Control of the gas flow-rate and the heater current enabled control of
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the sample temperature, which was monitored with a copper constantan thermo-
couple placed in the cavity adjacent to the sample. As the quartz insert did not
provide very efficient insulation it was necessary when operating at temperatures
below ambient to continuously flush the cavity with a stream of dry nitrogen gas,

to prevent water condensing in the cavity.

Temperatures in the range 20K - 90K were obtained with an Oxford Instruments
ESR9 Continuous Flow Cryostat, in conjunction with a DTC-2 Temperature Con-
troller. Liquid helium was continuously supplied from a storage dewar, via a flexible
transfer tube comprising two concentric stainless steel tubes, surrounded by a vac-
uum jacket. It then passed through a stainless steel capilliary tube in the cpyostat,
emerging just below the cavity as a stream directed onto the sample. The capilliary,
sample holder and sample were all located within a dewar which was sealed at the
top. After cooling the sample the helium (gas) returned up an outer layer of the
transfer tube, thus assisting in cooling the incoming liquid. Coarse temperature
control was achieved by regulating the flow of helium. For fine adjustment and
automatic control a copper heat exchanger surrounding the tip of the stainless steel

capillary was heated, via the temperature control unit. The detailed procedure has

been described in the Varian literature [6.1].

75



6.4 Gouy Balance Technique

In the Gouy balance technique Fig.(6.1) the furnace is placed between the poles
of the magnet with its centre at the pole axis, Crangle [6.2] and Williams et al
[6.3]. The substance in powder form is placed in a glass tube suspended in the
furnace from a sensitive balance in such a way that the base of the tube is at
the centre of the furnace. When the electromagnet is switched on, the sample
becomes magnetized and creates a force in the regions of the field gradient moving
towards the centre of the field. The maximum field used here was 360 mT which
corresponded to a current of 7 amperes. A water-cooling system is provided on the
magnet to permit operation at high currents. The range of the furnace used goes
up to 1000°C. For accurate measurements, a wooden shield was made to surround
the magnet and the furnace to reduce the ambient draughts; this proved to be
helpful in reducing stray fluctuation in effective weight. A digital monitor is used
for accurate reading of the temperature. The length of the powder column should
be such that it does not exceed the limits of the furnace’s uniform region. This
was found to be 5 cm. The forces measured are small (  a few milligrams)and
therefore a high sensit;ilvity is required in the force measurement. A special balance
is necessary for the measurement of such low forces. The order of accuracy also
depends upon the uniformity of packing in the glass tube, so a very finely ground

powder is necessary. Besides that, a thin specimen is needed to make negligible all
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the force components other than the vertical force. Measuring the force before and
after the magnet is switched on, and making allowances in the calculation for the
force experienced by glass, the net force due to magnetization can be determined.
This force (F) exerted on a sample having a volume susceptibility(x) was derived

from the relation ,Thorp.at.el [6.4].

1 2 2, P1
F=—-ay(By° — By*)—
5 X( 1 2)'02

where B; and B refer to the field values at the ends of the sample, « is the cross-
sectional area of the specimen and p; and p; represent the packing density of the
powder and the density of AIN respectively. This measurement procedure was con-
tinued at different temperatures, one of which will indicate the Curie temperature

point when the force due to the magnetisation approaches zero.

6.5 Dielectric Measurement Techniques

The choice of the method depends principally on the range required and because
the whole field of dielectric spectroscopy covers a wide range of frequency, from
about 0.0001Hz to about 1000GHz, a large number of techniques are available.

Measurement can either be made in the frequency or time domain. [6.5 - 6.8].

In frequency domain techniques, measurements are made at one frequency at a
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time and a particular set of apparatus will only cover a certain frequency range.
At low frequencies up to 40KHz bridge techniques are most appropriate; they can
give precise measurements of both the real component of dielectic constant and the

conductivity.

In the frequency range of 50Hz to 40KHz, the dielectric properties of materials
are usually determined by measuring the capacitance and the conductance of a
sample held between a pair of micrometer electrodes. The design of these bridges
depends not only on the type and precision of measurement required, but also on the
frequency range needed; for example, the Schering bridge is capable of measuring

in the frequency range of 40KHz to about 1MHz.

The electrode systems are made so that the effect due to fringing fields at the edge
of the specimen are reduced and the entire system is contained in a metal shielding
box to eliminate undesirable effects of stray fields.Electrodes must be evaporated on
the opposite polished surfaces of the specimens to ensure a good electrical contact
over a well defined area between the specimen and the electrodes of the dielectic test
jig; with many materials gold is used for this purpose. The usual arrangement for
solids comprises flat, parallel plates of known area and separation between which is
inserted the sample, in the form of a parallel sided disc of diameter slightly less than
that of the electrodes. If the diameter of the sample extends beyond the electrodes
then corrections for edge effects are necessary.
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With the Universal Bridge used [6.8] the dielectric constant(¢), and the loss tangent,(zané),"

can be calculated from the following equations, Terman [6.9)

g = ¢ 6.2
€0
G 1]
tand = o = i—’ 6.3
where
Lod4
0= CO
and

C=Capacitance of the sample.

Co = Capacitance between electrodes (air)

G = Conductance of samples

w= Angular frequency

d = thickness of samples

A = cross-sectional area of electrodes
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and

go= permittivity of free space = 8.85(Fm™!)

6.6 The Samples Examined

The samples of aluminium nitride are listed below:-

a) AIN (B1)

This sample had been provided in powder form. It is dark grey in colour.

b) AIN (B2)

It is dark grey in colour and is a polycrystalline solid.

¢) AIN (B3)

It is dark grey in colour and is a polycrystalline, sintered solid.

d) AIN (W1)

It is white in colour and is a polycrystalline, sintered solid.

For convenience in later sections specimen AIN (B1), AIN (B2) and AIN (B3) are

refered to as "black” (having all come from the same manufacturer and having been
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made by the same process) and AIN (W1) is refered to as "white” since it was white

in colour and came from a different manufacturer.
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CHAPTER SEVEN

EXPERIMENTAL RESULTS

7.1 Structural Characterisation
7.1.1 Diffraction, X-ray fluorescent Analysis and E.D.A.X.

The photographic X-ray diffraction patterns and diffractometer recording studies
of AIN (W1) showed all the expected lines. These have been labelled with the
“corresponding Miller indices. In AIN (B1), AIN (B2) and AIN (B3), the same
techniques were used and showed all the expected lines with extra lines which are
not related to the pure AIN. The d-values have been tabulated and compared with
the A.S.T.M. data in Table (7.1) (AIN is hexagonal with the parameters a = 3.2204
and ¢ = 4.9804,0tt [7.1].) This indicated that the AIN (B1), AIN (B2) and AIN
(B3) samples have irﬁf)11rities. The X-ray fluorescent analysis confirmed that the
samples AIN (B1, B2, B3) have appreciable iron contents with the concentrations
of 2000 ppm, 2600 ppm and ppm 1400 ppm respectively with other ir;lpurities as

listed in Table (7.2), whereas AIN (W1) proved to be almost pure.

In the S.E.M. and E.D.A.X. spectra, in all the samples, a large signal corresponding
to Al was obtained as would be expected since it is a major constituent; the detector

could not respond to low atomic number elements such as nitrogen. The SEM was
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A]N(Vﬁ)

A.S.TM. data® AIN(B1)

dA® I l;kl dA°® hkl dA® ‘ hkl
2.70 100 2.693 100 2.685 100
2.49 002 2.483 002 2.475 100
2.372 101 2.366 101 2.354 101
1.829 102 1.827 102 1.826 102
1.557 110 1.552 110 1.563 110
1.414 103 1.413 103 1.411 103
1.348 200 1.342 200 1.343 200
1.320 112 1.319 112 1.318 112
1.301 201 1.301 201 1.298 201

- - - - 1.2410 impurity
1.186 202 1.183 202 1.181 202
1.047 203 1.044 203 1.046 203
1.019 210 1.018 210 1.016 210
0.997 211 0.997 211 0.997 211

- - - - 0.970 impurity
0.941 212 0.9414 212 0.9414 212
0.934 105 0.932 105 0.930 105

- - - - 0.9128 impurity

- - - - 0.8969 impurity
0.868 213 0.888 213 0.887 213

Table 7.1 X-ray diffractometer analysis of AIN samples

*American Sociely for Testing Material




Impurity | AIN(W1) | AIN(B2) | AIN(B3) | AIN(B1)
Fe 30 2600 | 1400 | 2000
Si - 210 40 600
Cr 200 79 107 -
Zn - 600 - 140
Ti 600 330 200 -
Ca 300 - - -

Table 7.2 X-ray fluorescent analysis of AIN samples (in ppm)




operated in the stationary spot mode and so by moving the spot from one region
to another, different parts of the sample could be examined. The spot size used
was l%m. On one occasion, it was possible to detect the presence of iron in the
specimen AIN (B2). The E.D.A.X. spectrum of the AIN (B2} is shown in Fig. (7.1)
which consists of two distinct parts: a continuous background, which is due to the
rapid decelleration of the electrons in the S.E.M. beam on striking the sample, and
a number of sharp peaks superimposed on the continuous background. These peaks
occur when an incident electron knocks an electron out of one of the inner shells
of an atom in the samples. That leaves the atom in an excited high energy state
and one of the outer electrons of the atom immediately fills the vacancy created in
the inner shell. As it falls the outer electron emits energy of specific wavelength, in
the X-ray region, and this highly monocromatic radiation gives rise to an E.D.A.X.
peak. Since the energy of an emitted X-ray depends upon the spacings between the

energy levels of the atom producing it, it will be the characteristic of that atom.

The E.D.A.X. spectrum obtained from the AIN (B2) sample displayed the AlKa,
AuLa, AgLa, FeKo and ZnKo peaks. The Alffo peak is obviously due to the
aluminium atoms of the host lattice. No E.D.A.X. peak due to the nitrogen atoms
was observed, because its peak has an energy outside the range covered by the X-
ray energy analyser. The FeKa peak is due to different X-ray transitions within

the iron atoms. A ZnKa peak, which shows the presence of Zn, is observed, and
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it is likely to be one of the sample impurities. It is also clear from Fig. (7.1)
that, as expected, the AuLa and AgLa peaks are due to different X-ray transitions
within the gold and silver atoms of the thin film put down to prevent charging of
the samples during electron bombardment. Thus the E.D.A.X. spectra confirmed
independently that two of the impurity elements observed by XRF, i.e. iron and

zinc, were present.

The scanning experiments also gave clear evidence that the impurity is not uniformly
distributed in the AIN matrix. That is to say the iron tends to be found in clusters
rather than going into the lattice substitutionally. This implies that the effective
impurity level in individual AIN grains is less than the level indicated by either the

X- ray flourescent or E.D.A.X. analysis.

7.1.2 Electron Spin Resonance Results

At room temperature, the ESR spectra for most of the AIN samples produced
features; the notable exception was that the AIN (W1) sample gave nothing. An
example is shown in Fig (7.2), which refers to AIN (B1). The g values and the
linewidths for the AIN (B1, B2, and B3) samples are 1.989, 2.011 and 2.033 and
203.2mT, 296.87 mT and 210.9mT respectively. Because the features are very broad
it is difficult to measure the centres and widths with the same high precision usually

obtained in measurements on (narrow) paramagnetic lines. This led to an error in
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g value of about +0.025. Hence the three g values quoted are to be regarded as the
same, the mean g value being g = 2.011. The E.S.R. spectra of AIN (B1, B2, and
B3) samples were also recorded at temperatures between 20K and 273K, so as to
evaluate the temperature dependence and the variation of peak to peak linewidth.
The results show that for AIN (B1), the value of AH,,is approximately constant at
198mT between about 200 —- 113K, but that it increases above 220K and below
114K. For AIN (B2), the value of AHpp is approximately constant between 230K
—- 150K with the value 285.15mT, but that it increases above 230K and below
150K. In AIN (B3), between 273K — 200K the value of AHpp is approximately
203.1mT and it increases below 200K. The linewidth-temperature variations for the

AIN samples are shown in Fig.(7.3).
7.1.3 Curie Temperature Determination

As a test of the Gouy balance technique, the Curie temperature of nickel powder was
measured. This experiment produced the value (366 £ 10°C') which was obtained
from a graph of magnetic force against temperature, Fig (7.4). This result agreed
well with the value (35500) quoted from the literature [7.2] and showed that the
technique was valid. For AIN (B1), the Curie temperature was found in a similar
manner and was estimated as (780 & 10°C); the data is shown in Fig (7.5). This
measured Curie temperature is the same as the value for Fe which has been reported
in the literature to be (770°C) [7.3].
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Susceptibility measurements were only possible on one sample because insufficient
supplies of the others were available. In addition to the measurement of Curie
temperature, which, in order to obtain maximum sensitivity, was made using a fixed
(maximum) magnetic field, the dependence of the room temperature magnetisation
on field was also examined. The data for AIN (B1) is given in Fig (7.6) which shows
the variation of magnetic force with the square of the magnetic field. It can be seen
that the plot is distinctly non-linear. However, assuming paramagnetic behaviour
in the low field region (10*B# < 4), the susceptibility would be ¥ = 21.58JT~2. It
is certainly the case that the sample is not diamagnetic; on the contrary the sample

has quite a large positive susceptibility.

7.2 Dielectic Properties

The capacitance and the conductance of AIN (B2) and AIN (W1),which were both
available in thin solid disc form, were measured directly and therefore the permit-
tivities of both samples were calculated using equation (6.2). In these results, the
least reading error of the conductance due to the instrument was £0.01 nmhos aris-
ing from both the inaccuracies in the standard arms, and the parasitic components
of the bridge circuit and stray capacitance. The errors were estimated to be about
5%. Fig (7.7) shows the dielectric properties (¢') of both AIN (B2) and AIN (W1)
samples as a function of frequency from 500Hz to 20Hz . The values of(¢') for AIN

(B2) and AIN (W1) are 9.3 and 7.2 respectively.
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CHAPTER EIGHT

DISCUSSION AND CONCLUSIONS

8.1 Features Revealed by X-Ray and E.D.A.X. Studies.

The photographic X-ray diffraction patterns and the spectra obtained with the
X-ray diffractometer both show that at least one impurity is present as a separate
phase whose exact composition is uncertain because of the small number of impurity
lines observed. The X-ray fluorescent (XRF') spectra showed the definite presence
of additional elements, namely iron (Fe), titanium (T1), silicon (Si) and cobalt {(Co).
It gave quantitative estimates of the impurity levels which ranged from as much as
2200 ppm Fe to around 15 ppm Co. It confirmed that the specimen AIN (W1) had a
much lower overall impurity content than the other samples. It should be noted that
XRF does not indicate the structure of a phase, but only the elemental composition
of the material examined. With the XRF equipment available, detection at Al was

possible (this was seen as the predominant peak) but not of nitrogen or oxygen.

The main result from the E.D.A.X. experiment on AIN (B2) (a black sample) is
that the majority of the impurities are concentrated in localised regions and not
uniformly distributed throughout the matrix. On the other hand, examination of
the white variety AIN (W1) showed no evidence of impurities and this confirmed the

XRF analysis results. Nitrogen is of course a major constituent and the E.D.A.X.
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results do not exclude the possibility that some oxygen remains in the nitride; the
presence of some residual oxygen would not be surprising in view of the method of
preparation used. Because of the limitation of the detector, the E.D.A.X. equipment

can not detect either nitrogen or oxygen.
8.2 Features Revealed by Magnetic Measurements.

The room temperature E.S.R. studies of all the black[AIN (B1), AIN (B2) and
AIN (B3)|samples gave a single feature having a broad linewidth between 200 mT
to 300 mT. From general experience of paramagnetic spectra, it is unlikely to be
due to a substitutional paramagnetic dopant in the AIN. It is more likely to be of
ferromagnetic or ferrimagnetic origin, because the g values of these three samples
were close to g = 2.0 and because the linewidth values AH were very large. One
possibility is that the E.S.R. spectra are due to elemental iron i.e. This could give a
room temperature FMR sigal near g=2.0 and would be compatible with the X-ray
analysis. A second possibility is that there is Fe present not as an element but as a
compound,in particuiar a ferrimagnetic oxide of iron, possibly Fe304. This would
also be compatible with both the XRF and E.D.A.X. data, (since neither is able to
detect oxygen). In order to provide direct information the E.S.R. spectrum of iron
oxide, F'e304 was also recorded under conditions closely similar to those which had
been used for aluminium nitride and the g value and linewidths were measured (see
Table 8.1). There is also a third possibility namely that both Fe and Fe3z04 are
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Elements and Compounds »Linewidth (nT) | g Factor | Reference
Fe 16.0 2.004 8.1
8.2
Ni 13.0 2.22 8.3
8.4
Co 15.5 2.021 8.3
Fej04 250.0 2.016 | This work
(Part II)
Black AIN(B3;) 296 2.011 {This work
(Part II)
Iron doped alumina, Fe3t /Al503 This work
powder (1000ppm) 2.17 2.002 | (PartI)

Table 8.1 Room temperature ferromagnetic resonance data for some elements and oxides
compared with observed data for black AIN and for substitutional (paramagnetic) iron



present together. In reviewing the remaining analytical data all three possibilities

must be considered in order to see, if possible, which is the more probable.

The data for F.M.R. resonance given in Table (8.1) suggests that none of the listed
elements has a linewidth at all comparable with that observed. Of the elements
only Fe has a g value (g = 2.09) fairly close to that observed for black AIN (g =
2.00). For iron oxide however, the linewidth, (250 mT) is quite comparable with
that found in the black AIN and its g value is also close to 2.011. For substitutional
iron, i.e. Fe3*/AIN, the ESR linewidth would be expected to be of the same order
as those found in iron doped alumina (Fe®t/Al,03) which are only about 3 mT for
an iron concentration of about 1000 ppm, which represents the maximum level of

iron which could be accommodated in the lattice.

The temperature variation of linewidth for the three black AIN samples showed a
maximum near 20K. The linewidth increases at lower temperatures giving a ratio
of AHyy/AH3zp0 of about 1:3. This is comparable though rather smaller than the
changes reported by Bhagat [8.5] who gave a ratio of about 1:8 times for iron. How-
ever, the general form of the linewidth versus temperature behaviour for the AIN
(black) samples is very similar to that for Fe. At this stage the species responsible
for the observed impurity line cannot definitely be ascribed to Fe, although some

of the data would fit this interpretation.
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As regards the susceptibility measurements, it should be noted that the pure AIN
should be diamagnetic, Weast [8.6]. The results of the AIN (B1) sample proved
conclusively that the susceptibility is positive rather than negative and when the
magnetic force (F) was measured as a function of B2, the variation was not linear.
This shows that the black AIN (B1) must contain some ferromagnetic or ferri-
magnetic impurity or impurities. A true paramagnetic would give a linear plot of
magnetic force (F) against B2, Williams et al [8.7]. This non-linearity of the mag-

netic force (F) and B? plot would be expected for a ferrite, i.e. for Fez0y as well

t
f

as for elemental iron Fe. The Curie temperature measurement gave 8, = 780+ 5°C.
Some collected Curie temperature data for elements and compounds is given in Ta-
ble (8.2). The value for iron, for which the Curie temperature is 770°C is in very
close agreement with the observed value. However, for the ferrite Fe30y, the Curie
temperature is 575°C which is much lower than the observed value. There is no
evidence in the Curie plot for a discontinuity at 575°C; rather the monotonic varia-
tion of the susceptibility with temperature over the intermediate temperature range
suggested that a singie magnetic phase was involved. It is however, interesting to
point out that above 650@C the slope of the magnetic force-temperature plot does
not continue to increase as rapidly as did the corresponding plot for pure nickel near
its Curie temperature. This feature can be coupled with the fact that the magneti-
sation did not fall completely to zero at 770°C. Although there is insufficient data

for precise conclusions to be drawn it is perhaps indicative that there are several
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Elements and Compounds | Curie Points | Compounds | Curie Points
" Elements |
Fe 770 MnBi 350
Co 1130 Mn,B 470
Ni 358 MnP 25
Gd 16 MnSb 320
Dy -168 MnySb 275
MngSby 315
Compounds - MnySn 0

FegAl 500 MnsSn 150
FeBey 520 AgFy -110

FeBes 0 CrSs 30;100
FeyB 739 CrTe 100
FegC 215 Fez0,yS8 580
Fe,Ce 116 AlFeq0y4 339
FesN 488 BaFey04 445
FegP 420 BeFey04 190
FeS 320 CdFey04 250
FeS, > 0 CoFe304 520
Feg0y 575 CuFey04 490
FeyOy 620 MgFeq04 315
Fey P 420 MnFey0, 510
FesN 485 NiFey04 590
Fe3Siy 90 PbFeq04 435
Co,B 510 SnFes0y 325
CoS, -180 SrFes04 450
CoZn 125 LayO3Fes04 465
CosZn 490 Pry0sFeq03 425
NisMyg 235 NdyO3Fey03 300
NigMn 470 SmeO3Fes03 300
MnAs 45 Ery03Fes03 255
MuB 260 Yo0:03Fes03 275

Table 8.2: Curie points, in °C, of elements and compounds (or ordered structures)

was reported from various sources [8.8 - 8.11]



high . phases involved which have Curie temperatures higher than that of iron.

8.3 Features Revealed by Dielectric Measurements.

The data shown in Fig.(7.6) reveals two important features. Firstly, in both the
white and black varieties of aluminium nitride the permittivity was virtually inde-
pendent of frequency. Secondly, the permittivity of the black material was substan-
tially higher (¢/ = 9.3) than that of the white form, (¢’ = 7.2) . Considering first
the white specimen, it is known, from the results of all the analytical and appraisal
techniques described above, that there are no impurities present (above trace level).
Consequently the behaviour of Fig. (7.6) for AIN (W1) can be taken as typical for
pure aluminium nitride. It suggests that the material is a hopping conductor, Jon-
scher [8.12). If this were the case, and to prove this corresponding measurements
of dielectric loss versus frequency would need to be made, the following relations

would apply

€ a w 8.1

& a w 8.2



in which the exponent n is a number whose value is usually just less than unity and
w is the angular frequency. Fitting the data from Fig. (7.6) to equation (8.1) gives
the value n = 0.9. The frequency independent permittivity coupled with the near
unity value of the exponent n is very similar to results which have been reported for
aluminium oxide, Al203,[8.13] and [8.14], magnesium oxide MgO [8.15], a variety of
oxy-nitride glasses[8.16], and silicon nitride,[8.17]. The comparison is made in more
detail in Table(8.3). In this situation one is dealing with a composite dielectric.
In the simplest case is can be assumed that there are only two phases present, the
pure aluminium nitride and the impurity phase. (The possibility of the impurity
simply acting as a dopant in the AIN lattice has been excluded by the direct X.R.D.
evidence for separate phases.) There are many ”mixing rule” formulae which give
expressions for the resultant permittivity of a composite dielectric, Van Beek [8.18],
and Hale [8.19]. In order, however, to obtain increase in resultant permittivity
due to the addition of a relatively small volume fraction of a second phase, the
permittivity of the second phase must be much larger than that of the matrix. It
is suggested here from the combination of X-ray and magnetic studies that the
impurity (or impuritieé) are iron and/or iron oxide. The permittivity of elemental
iron (Fe) is about 105‘, so a small amount could easily give the observed rise in

overall permittivity.

From the point of view of its possible use as a V.L.S.I. substrate material it seems

94



]

Material { Permittivity Value Reference

Aluminium nitride, AIN
Polycrystalline, white 7.2 0.9 Present Work
Polycrystalline, black 9.3 0.9 Part II

Aluminium O Xid8,41504

Single crystal, (11c) 94 frequency independent 8.14
Polycrystalline ceramic substrate| 8.0 0.98 8.14
Magnesium oxide, MgQO
Pure and doped single crystals 0.98 8.15
Oxy-nitride glasses

f

(Zero nitrogen content)

Mg- Al-Si-O-N 6.9 0.99 8.16
Y-Al-5i-0-N 8.3 0.99 8.16
Ca-Al-Si-0-N 8.3 0.99 8.16
Nd- Al-S8i-0-N 10.2 0.99 8.16
Silicon nitride, SigN, 6.0 0.98 8.17

Reaction bonded, polycrystalline

Table 8.3 Comparative dielectric data for some hopping type conductivity
ceramics and glasses



that the pure grade (white) AIN would be very competitive with the more generally
used AlyO3 while retaining its advantage as a higher thermal conductivity mate-
rial. It has been shown also that the presence of iron-based impurities degrade the
electrical performance. The techniques employed could be used for quality control
during manufacture to monitor both the raw materials and the inclusion of im-
purities during processing and fabrication; in this sense the combination of X-ray,
magnetic and microscopic techniques respresents a powerful appraisal facility which

could be of wide importance to other materials.
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