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ABSTRACT

This thesis_describes the develepment of an automatic
diameter control system for a Czochralski crystal pullér
in which the torque on the crystal as it rqulves in the
melt is monitored and stabilised through changes in the
melt temperature, The development of a torque magnetometer
of new design having a high linearity and absoiute accuracy
is also described,

The on=line analysis of data produced b& the torque
magnetometer has yielded precise values for the

magnetocrystalline anisotropy of cobalt (grown by Czochralski

.and other techniques). The magnetometer has also been used

for investigations of the magnetocrystalline anisotropy of
the terbium/gadolinium alloys. In both cases the
compatibility of the observed temperature debendences of

the anisotropy with particular models is investigated.
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.PREFACE

The work described in this thesis could be subdivided

into two seperate areas of study. The firét was the

development of & new automatic control system for a

Czochralski crystal puller, the second was the development
and application of a new torque magnetometer. The link
between them is the fact that some of the cobalt sambles
used in the magnetometer experiments were grown by the
author on an identical Czochralski crystal puller, though
not under automatic control. -

The development of the crystal growth controller is

still at a very early stage. To date only COppef crystals

have been grown automafically. The torque magnetometer
is more advanced; indicative of its simplicity and the
availability of suitable off=the-shelf electronics. .éoth
crystal puller and magnetometer could be iﬁproﬁed and
suggestions to this effect are described in the text.

The cobalt study was motivated by the neeﬁ, pointed

out by Szpunar and Lindgard (1978), for more accurate

- experimental data to test existing models for the

magnefocryétallina anisotropy of both the pure elemenﬁ éan 
the cobalt/:are-earth alloys; published ;esulQS fo; the
anisotropy were inconsistent. The possibility of a sample
dependence in the anisotropy was exblbrpd and sevéral
crystals were tested. These were grown by differing
techniqdes (float-zone,fBridgman and Ciochralski). During

this investigation the temperature dépendences of both K3-
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and K, were obtained for the first time,.

4
The work on the terbium/gadolinium alloys was the
continuation of a project which has been undertaken in the
Physics Department at Durham over the past few years. This
has involved magnetostriction studies (Joraide, 1980) as
well as the present anisotropy measurements. The anisotropy
work was done by the author in collaboration with Dr, R;D.
Hawkins who subsequently achieved his doctorate. The data
from this‘mnrk has recently been re-analysed by @he“author
since the torgque curves were, in many cases, not obtained in
the single~domain state as originally assumed (Hawkins,
1982), thus rendering some of the previous results invalid,
It was shown by Smith et al. that impurities in
gadolinium could significantly alter its magnetic properties.
By analogy to gadolinium it was suggested tﬁat existing
measurements on the terbium/gadolinium alloys might also be
affected by impurities. The terbium/gadolinium project was
begun after very high purity samples had become availahle 
from the Centre for Materials Science, Birmingham
University, since these - motivated a fresh assessment of

the alloys.
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CHAPTER CNE

BASIC MAGNETIC .CONCEPTS

1.1 Introduction

Two excellent texts have been written on general
magnetism by Chikazumi (1964) and Morrish (1965),.

If a pair of opposite magnetic poles or a circulating
"Amperian" current causes a magnetic force to manifest itself,
when observed from a sufficient distance both appear to be
equivalent magnetically. The common properties are therefore
described by a common name; both are said to have a magnetic
moment. In practice a magnetic material demoﬁstrates
properties readily explainable if it is regarded as having
a magnetic moment or being composed of particles with such
moments, the particles being either whole atoms or electrons.
The magnetic moment per unit volume of a material is termed
the magnetisation,

From either description of the origin of the magnetic
moment (poles vs Amperian currents) it is apparent that it
is diiectiunal in nature having, by analogy to the Earths
mément, a north and south direction. Under the influence of
a'magneiic'body an object having a magnetic moment will
orientate preferentially along a certain direction. The
behaviour of the moment can be described mathematicélly in
terms of a vector field and thé effect of the magnetic body

on the moment termed a magnefic field. éach point of the

‘ field is characterised by a north direction and a magnitude

indicative of the ¥orce§ on the moment,
2GRN URIVERGIT
12 MAY 1983
SOlENOE LigRARY
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The strength of a magnetic field, 4, can be compared to
that inside a long solenoid ef N turns per unit length

carrying a current I;
ﬂ = NID, ooo(lol)

where n is a unit vector along the solenoid axis. The unit
of H is therefore the ampere per metre (Am-l) in the S.I.
system,

The size of a magnetic moment, y, can be quantified by
comparing it to that produced by a current loop. The moment

of a circulating current, I, of area a is given by;
M = Iap 000(102)

where n is the unit vector perpendicular to the area.
Magnetic moment can therefore be measured in ampere metre2
in the S.I. system., [liagnetisation, ¢, which is magnetic
moment per unit volume, has units of ampere per metre.
Macroscopically field H, and magnetisation,d, are the

most basic quantities in magnetism. OUther quantities

definable in terms of these (according to the S.,I. system)

are;

'1)'Flux density, B;
E = P.(ﬂ-l-g) 0'00(103)_

where B is in units of tesla and Mo is a constant called
the permeability of free spacej;

2) Susceptibility,N;

X='%‘ﬂi 000(104)
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Susceptibility may be defined 'imn other ways, for instance

as the differential of magnetisation with respect to flux
density rather than as the ratio.

Classically magnetisation cannot occur in a material
in thermal equilibrium, not even in an applied field;
magnetisation can only be explained by a quantum mechanical
theory. In such a theory the magnetic mameﬁt of an-atom
arises from three sources; the (quantised) electron spin,
the (quantised) orbital angular momentum of the electron
and the change in the orbital moment induced by a magnetic
field, The first two effects produce paramagnetism in which:
finite atomic moments independently orientate in an applied
field to create a positive susceptibility., The last effect
produces what is called diamagnetism contributing a negative
susceptibility irrespective of whether the atomic moment is

normally finite. In certain materials spontaneous ordering

of finite atomic moments occecurs; a material then has a

magnetisation in zero applied field and an undefined
susceptibility; these are ferromagnets and related materials.
All three types of magnetism are discussed in detail by

Kittel (1871).

l.,2 Ferromagnetism

Materials demonstrating a spontaneous magnetic order may
be categorised as follows:
1) They can be ferromagnetic; all internal moments are
aligned with each other (subject to thermal agitation).

2) They can be antiferromagnetic; the moments order in

‘such a way as to produce no net magnetisation.

3) They can be ferrimagnetic; the ordering is not in a
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single direction but a net magnetisatibn results,

The materials studied in the present work are all

'ferzomagnetic. An excellent text on ferromagnetism has been

written by Bozorth (1951).

For every ferromagnet there is a temperature above which
thermal agitation destroys the spontaneous order; this is
the Curie temperature Tce Above the Curie temperature
ferromagnets become paramagnetic,

The alignment of the atomic moments in ferromagnets can
be likened to the paramagnetic alignment of independent moments
in a magnetic field, called the Weiss molecular field (Weiss, |
1807 )., The degree of alignment indicates that the Weiss
field is of the order of 103 teslas for a typical ferromagnet
which is much greater than the aligned moments themselves,
The Weiss field can only be explained quantum mechanically;
it is a classical analogy to the result of what is knownm as
the exchange interaction (see next section) in which an
effective coupling occurs between the electron spins of

adjacent atoms and hence the moments associated with those

-atomse. In ferromagnets the coupling is such that mutual

alignment of adjacent moments is energetically favourable,-
thus simulating the presence of an applied f;eld.
Ferramagmetism may result from an indirect_poﬁpiing_of
the atomic moments in which exchange forces are mediated by
local conduction electrons. The mnment#, by exerting'thefé
effect simultaneously on nearby electrons, effect in
consequence each othér. This is thought to be the alignment
mechanism in the ferromagnetic rare-earths and this mechanism

will be contrasted with direct coupling in the next section.
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le3 Microscopic origins of ferromagnetism

Pauli's exclusion principle states that any wavefunction
involving several identical particles must be antisymmetric
(must change sign) when the coordinates, including the spin
coordinates, of any identical pair are interchanged. Thus
for two electrons having the same spin state, the exclusion
prihciple dictates that for overall antisymmetry the spatial
part of the wavefunction must be antisymmetric. The only
possible combination of spatial wave functions representing

the system of two electrons is;

Ya = ¥a(1vp(2) = 4, (2)y,(1) cee(le5)

wvhere ya(l) is the single spatial wavefunction for an electron

labelled "a" at coordinate (1), As the electrons approach
each other, that is coordinates (1) and (2) approach, the
wavefunction ténds to zero and the probability of finding the
elect;ons close to each other therfore small. The classical
analog is that a force of repulsion exists between the
electrons. For electrons of opposite spin state the spatial
wavefunction is symmetric and an apparent attraction exists.
Thus the exclusion principle produces what is called the
"exchange interaction"; it is not electrostatic,.

| For two electrons experiencing a potential due to an
atomic nucleus or,. more generally, seve;alhnuclei, a
Hamiltonian,}f, may Be written for the electron-electron

interaction and an exchange integral defined;

7 = 5“.—,3(1)’qb(zi‘yf.,.b(l).,.a(z) 4,47, eee(1.85)

The energy of the electron-electron interaction may
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then be written as the following simplification due to

Heisenberg (1928);

U = -ZJij §i.§"j ...(1.6)

where Si is the spin (complete with moment) of the ith atom.

Heisenberg's equation relates to the direct interaction
of electrons im a common potential. If the exchange integral
is positive the energy with which the spins align is negative
and ferromagnetism occurs, Ferromagnetism in the transition
metals occurs as a result of the direct interaction between
the electron spins of adjacent atoms since for some of these
metals the interatomic spacing is such that J is positive.

In the rare-earth elements the ferromagnetic mechanism is
an indirect one called the RKKY interaction (after Rudermann
and Kittel, 1954 j; Kasuya, 195€; and Yosida, 1957 ).

In the simple RKKY theory, free conduction electrons
interact with individual ions with a Hamiltonian having some
functional dependence on the electron spin and the ionic
spine, This gives rise to a polarisation of the conduction
electrons whereby their spins tend to aligm parallel with
the spin of the nearby ion. The polariéation due to one ion

may be written;

2 ' .
9 Z%r . Co
P.(r) - —_9, F(ZK r) 000(107)
i 4V2E i f

f
where Z is the atomic density of conduction electrons, V the

atomic volunme, Kf and Ef the Fermi wavevector and energy
respectively and F(x) is an oscillatory function dying away

rapidly with respect to x3

F(x) = Sinxszosx cee(1e8)
: X



The Hamiltonian for the interaction of this polarisation

with a second ion of spin Sj is then simply;
= -rS, P, . .
r j Pl(rJ) .oo(log)

giving an overall indirect exchange interaction which reduces

to;
2.2
8 Z"r _
Us =« 0= F(ZK r) §.§ ...(1.10)
w2, f 1'%

which is of the same form as the Heisenberg expression.
Hence for appropriate lattice conditions ferromagnetism will

result,

l.4 Macroscopic ferromagnetism

The spontaneous magnetisation of a ferromagnetic material
prédicted by the microscopic theory is not always observed
macroscopically, This occurs because the magnetisation breaks
down within the solid into regions within which a coherent
magnhetisation exists but which together cancel if observed
from a point outside the sample. The size and magnetic
orientation of these regions, called domains, depend on the
yariaus energies associated with their formation within a
materiél (Landau and Lifshitz, 1935 ):

1) Magnetostatic; the energy change which occurs simply due
to the work done by the forces betueen magnetic moments.
iMoments tend to align antiparallel with each other or parallel
to the surface of a magnetised solid for this reason.

2) Magnetocrystalline; the energy assoc}ated with the
interaction of atomic moments uith-assymétry in the local

crystalline environment. It results in energetically

" favourable directions for the magnetisation within the crystal
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(see chapter 2).

3) Magnetostrictive; the energy due to the elastic deformation
of the crystal lattice as the local magnetisation direction
changes, which aswzll as tending to produce favoured
magnetisation directions also affects the ease with which the
differing regions of strain associated with sach domain fit
together.

Domain structures are usually complex and modified by
defects and impurities in the material in that these can
present an energy barrier to the motion of the "Bloch".walls
betwsen domains as they move to establish the configuration
which would have otherwise given a minimum in the overall
energy.

The macroscopic magnetisation of a ferromagnetic
substance, assuming free domain wall movement, occurs through
the growth in number and size of those domains which are
favoured by a prevailing field. Above a certain field, oﬁly
one domain will be left, with a magnetisation which will tend
to follow the applied field if it is rotated. The approach
to saturation of the magnetisation, its subsequent behaviour
during'reversal of the field, and the energy losses associated
with these processes @re critical properties in defining the
engineering applications of a material.

Eﬁergy lost during field=cycling is transferied to heat
by driving domain walls through defects or impurities in the
crystal lattice, and the magniﬁude of the loss, large or small,

defines whether a material is magnetically "hard" or "soft"

[ 1

respectively. The average macroscepic magnetisation of a
sample if removed from a saturating fieid is known as the

remanence, The reverse field required to reduce the average
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magnetisation to zero is the coercivity,.
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CHAFTER TULL

SAGMNETOCRYSTALLINE ANISCTRLPY

2.1 Introduction

The energy required to magnetise an unstressed sphericel

ferromagnetic crystal is dependent on the direction of magne-

tisation; a phenomenon called magnetocrystalline anisotropy.
The surface traced by a vector of magnitude equal to
the energy required to magnetise a crystal toc saturation along

a given direction is exemplified in figure 2;1:-

29
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MAGNETISATION ENERGY SURFACES WITH
RESPECT TO CRYSTALLOGRAPHIC DIRECTICN

PUSSIBLE MAGNETUOCRYSTALLINE ANISOTROPY
ENERGY SURFACES; THE UNIAXIAL CASE
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A direction for which magnetisation occurs readily is
called an easy=~axis. Anisotropy yielding cyliﬁdrically
symmetric energy surfaces of the type illustrated is
termed uniaxial, Easy axes, cones or planes are closely

related to crystal structure; for instance cubic materials

- like iron often have three cartesian easy~axes whilst

hexagonal materials like cobalt are often umiaxial.
flagnetocrystalline anisotropy shows a very dramatic
temperature dependence falling away quickly with increasing
temperature disproportionétely to the drop in saturation
magnetisation itself. ./

The simplest physical consequence of magnetocrystalline
anisotropy is that materials experience a torque within a
magnetic field proportional to the differential of the
anigotrupy energy with respect to the angle of induced magne-
tisation referred to the crystal axes. Torque magnefometry,
described in chapter 4, utilises this phenomenon to determine
the form of the anisotropy, which is parameterised as described
in the next section.

This chapter introduces the conventions by which
magnetocrystalline anisotropy (sometimes abbreviated herein

to anisotropy) is described, indicates simply its. atomic

origins &nd describes the theoretical temperature debendences_

suggested by particular anisotropy models.

2.2 Phenomenology

.The enerqy required toc magnetise a crystal in a
specific direction af constant strain and temperature is

given by;

% o
E/V = %Ev-"d‘ 000(201)
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where E/V is the energy per unit volume, ¢ is'th:e
magnetisation vector and B; is the {Internal field
vector.

The directional dependence of the energy for a saturated
sample can be parameterised in several ways of.which only a
few have become conventional. Taking the hexagonal structure
as an example, the energy surface is often expressed as in

equation 2,2; tailored to reflect the crystal symmetries fo

which the surface is related;

: ~r 2 4, 6
E/V = Kg + K;5in“8 + K,5in"0 + K3Sin™8

+ K,Sin B.Cos6¢ + «. | eee(2.2)

where 8is the angle between the magnetisation vector and the

C-axis and # the angle between an a-axis and the projection

of the magnetisation vector on the basal plane; The K,

are the anisotfopy constants. Analogous expressions for
the anisotropy energy for each of the 32 crystallographic
point groups have been derived by Doring (1958),

A systematic expansion for the anisotropy energy would

. bej

E/V = E — RL.Y 000(203)

where the Y are surface spherical harmonics and the EC

L
suitable constants, in some cases irrelevant due to

crystal symmetry. The hexagonal expression wouid be;

/v = k0 + ®Q.v(e) + K{.v0(e) + RY.va(e)

+ KS.YS(G $) + .. eee(2.4)
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fiore common however are expressions using the Legendre
polynomials, P(8), abstracted from the above harmonics, the

hexagonal expression being;
g/v = k9 + k9.p. (Cos8) + k0.p,(CosB) + KI.P.(CosE)
i 0 2° 2\ 4°" 4 6° 6
6 6 : |
+ Kg Sin8 CosB¢. + .., eee(2.5)

with analogies for o?her structures., The definition of the
spherical harmenics and Legendre polynomials are given in

Appendix A along with the relationships between the con-
stants of equation 2.2 and 2.5.

Birss and Keeler (1974) point out that spherical
harmonic formalism facilitates the comparisom of derived
conétants with theoretical predictions and, due to the
orthogonality of the individual harmonics, produces values
of the anisotropy constants which are independent of the
number of higher terms in tha experimental fit, However
direct comparison with existing experimental data may
require the use of the alternative conventién, as was the
case with thg cobalt measurements in chapter 7. tansistency
suggested the use of the alternative conventien in chapter 8.

Another convention for the Anisotropy energy expansion
is given by Volkov et al., (1981) who considered redguction
as well as transformational symmetries for the lattics to
tailor expressions similaf to equation 2.2 to produce in

the hexagonal case;

2

E/V = R (3Cos%8 - 1) + ?2(3SCos“e - 30Cos?g + 3)

6 4

+ Ry(231c0s% - 315C0s’e + 105C0s%8 = 5)

+ R,5in%8.Co88¢ + .. iee(2.6)
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where the terms are orthogonal and involve constantsﬁh.
The latter convention has not yet been established, having

appeared very recently.

23 Atomic origins

The exchange potential between the spins of neigh-

bouring ions in a ferromagnetic material is of the form;

Mex = Tij _s_'i.gj ' _ cee(2.7)
which is invariant with respect to sympathetic rotation of
the spins relative to the line of the ionic centres; it does
not give rise to anisotropy. Anisotropic spin orientation
occurs in order to accommodate within the lattice the distor-
tions of the electronic charge clouds associated with.the
ionic spins due to the spin-orbit interaction. Two important
mechanisms by which the charge clouds tend to align in the
lattice give rise to the single- and two-ion model of magneto-
crystalline anisotropy respectively.

In the single-ion model, the electronic charge cloud

of an ion, distorted by the spin associated with it, couples

. to the crystalline electraostatic field} hence creating the

necessary energetic link between magnetisation apd the lattice
symmetry. In the two-ion model, anisotfopy dccUrs.bécause

of the dependence of tEe interaction energy on the shape

of adjacent electronic charge clouds; an energy which changes
with respect to the angle between the spin-orbit distortion
and the line of the ionic centres. The two models are not
exclusive,

Single~ and two-ion models apply to magﬁetic ions
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with localised moments and are not wholly applicableA
to the iron transition metals in which the active electrons
are itinerant. In the latter case the spatial dependence

of the itinerant electron wave functions, each distributed

throughout the lattice and dependent on the crystal symmetry,

is modified, again by the spin-orbit interaction, in such a
way that there exist energetically favourable orientations
for the spinse

The three cases of single-ion, two-ion and‘itinerant

electron anisotropies will be discussed briefly.,

23,1, The single-ion model

Single~ion anisatropy is found to be dominant in
magnetic materials in which the sets ofmagnetic electrons
associated with each ion are isolated. Examples include
magnetic insulators, in which the isolation of the metallic
ions is indicated by the absence of electronic conduction
bands. Another esxample is that ef the rare-earths where
the magnetic 4f orbitals are much smaller than the lattice
spacing and overlap very l;ttle.

For a system of non-interacting ions in which the

spins are aligned by the effect of the electrostatic CFrys=-

"“talline field on the distortion of individual ionic charge

clouds due to tﬁe.spin-orbit interaction, the Hamiltonian

for the electronic states can be written;

H = 9Hg BpeS + pp go.“(_g +28) + Ao .' vee(2.8)

where Qm is an effective molecular field which simulates

the effect of the exchange interaction with neighbouring

34
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ions on the electron spin orientations, QO is the applied
magnetic field and }Q:is the Hamiltonian due to the effect of
the crystal field and spin-o;bit interaction on the electrons.
The first and second terms are isotropic, being the exchange -
and Zeeman interactions respectively. ;‘c creates the
anisotropy. '

The detailed calculation of electronic energies from
equation 2.8 depends on the relative magnitudes of the con-
tributions of the spin-orbit and crystalline field effects.

The crystalline field, Vc(a) , experienced by an electron
at postion r, can be expressed as an expansion of spherical

harmonics restricted to .suit the symmetry of the crystal;

U (r,8,¢) = Lzm rhoalvi(e,$) - eee(2.9)

where 8 and ¢ are referred to thg crystallographic axes.

The coefficients of the expansion, AE , are frequently derived
experimentally by electron spin resonance (eg Abrahan and
Bleaney, ld7uU), and depend on the radial distance to neigh-
bouring ions, screening and covalency effects. it is useful
in deriving thé energies of the electronic states to write

the crystalline field as a series of operator eguivalents,

UT s, Similar to the YT » which are polynomials in L or 1J

.called Stdvens factors (after Stevens, 1352);

Z m -m Y
\Ic = L BL.UL . 000(2.10)
om

where the ccefficients, Bf,are given by

BE = rL A‘C.“L | 000(2._11)

where 0&: are constants.
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The other part of the anisotropic Hamiltomian, due

to the spin~-orbit interaction, has the form;

HsL = Zﬁ’(?—i) SjeLy | eee(2.12)
1
wherey h2 1 du
S’(Ei) = zmzcz ?I E“i 00\0(2013)

and U is the central ionic potential.

The electronic energies, Ei » of the multiplet sﬁates
associated with each ion, can be calculated treating the two
parts of 'Hc és a perturbation on the exchange and Zeeman
interactions; though the latter is normally negligible.

The gquantisation axis is usually taken to be that of the
effective molecular field gm « The energies, Ei , are found
by virtue of the anisotropy to be dependent on the alignment
of B, in the crystal, that is the magnetisatidn angle in
cases of negligible Zeeman energy, and arc a functiun of this

angle (B,#) e A partition function fur the electrunic states

can then be written;
yielding a free energy per ion of;

E(B,#)-= -KéT Loge2(8,¢) | . ...(2.155

" which for a collection of such icns is the free energy

which features ‘in the phenomenological expressicns of the
wagnetocrystalline anisotropye

" Darby and Isaac (1£74) give exanples of detailed

. derivations for the anisctropy of several classes of

materials using the single-ion model. Aubert (198C)
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also gives specific examples. Both these papers are
relevant reviews on the magnetocrystalline anisotropy of

ferro- and ferrimagnets.

2¢3.2+ The tuwo-ion model

The two~-ion model is sometimes found to be important in
magnetic insulators and the rare~earths as contributiﬁg
with the single-ion model to the overall anisctropy.

The classical electromagnetic coupling between two

ionic spins;

2n2 3(8, o2y ) (8 qors 1)
ij

though anisotropic with respect to the angle between spins
and the line of the ionic centres, is too small to yield the
anisotropies manifest by real materials. However Van Vleck
(1837) found that by superimposing the spin-orbit coupling
on the exchange energy between neighbcuring spins in a
second order perturbation calculation, an interaction cf

the same form as the electromagnetic dipole interaction is

obtained, s¢aled by a function, cij(aij)’ which dies away

rapidly with respect to separation of the iunsg

3(§1°£1 )(s oLj ) a
Cy4(z;5(85-85 - A SISy L(2a)

For typical nearest neighbour seperations the inter-
action, called the pseudo-dipolar interaction, is often too
strong to account for observed anisotropies, However, a

fourth order perturbation calculation gives a pseudo-

quadrupole interaction whichis of the right magnitude to

explain anisotropy in cubic materials for which the pseudo =
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dipolar interaction averages to zero. The form of the

pseudo-quadrupole interaction isj;
Dy 2(Sy ek s)2(S ar, ()2 (2.18)
J.J _1'_1j -j."'ij oee ®

and can only occur if the:total ionic spin is greater than
unity. Exact calculations are difficult on this mcdel;

only qualitative explanations are possible.

2.3,3. The itinerant electron model

The spatial dependences of the itinerant electron

wave functions are determined by the atomic symmetry of

‘the lattice and have allowed energies, En(k) y where k

labels the states and n is a band index. The effect of
the spin-orbit interaction on the electronic states is to
introduce a directional dependence in their energies.

The total free energy of the crystal is thenj;

E() = Y E (Kk,x) eee(2.19)
' n,k

4
OMVPILD STATES

whereXis the magnetisation direction. The details of

the calculation of the crystal free enmergy depend on the

_partiéular simplifying.assumptions which can be made tc

-facilitate it.

The crystal potential can be written;
V(r) = X _u(z - R,) o eee(2.20)
n

where ﬂn is a lattice vector and U is a central potential

assoclated with egch ion. By coamparison with equatioun

2.12, the spin~-urbit iateraction for Bloch statcs can
be written;

; Hsu = 2 POT - By )sells - 8) ee(2a21)
o n



and this is usually regarded as a pertubation on the
unmodified electronic states of which, for simplicity,
only a few are considered., Furey (1967) has analysed
the case for nickel and found that electrons having

wavevectars near the symmetry point X of the Brillouin

'zone are particularly important and that in this region

the different, closely spaced bands create energies which
in some cases favour {1002 spin alignment, in others dis~-
favour it, and that the sharp temperature dependence of the
anisotropy occurs as the occupatlon of these bands changes

through the smearing of the Fermi surface., Iron has been

‘analysed by Franse (1971) who found that bands were not as

closely spaced at the Fermi energy and that their difference

ih contribution to the anisotropy was less significant to

the overall temperature dependence. Cobalt has been analysed
by liori et al. (1974) who found electrons having wavevectors

near symmetry point A (along the <1000) direction) were

very important.

Calculations are imprecise in analyses of the type

‘described and predictions of, for example, temperature
-’.dapendences for the anisotropy constants are poor. 1t seens
" that the itinerant electron model for the anisotropy describes

‘only one machanish among others, notably the single-ioh

model, by whigh anisotiopy can occur in the 3d transition

metals,

244 The variation of anisotropy with temperature

The Landé g‘factor of an ion, denoting the ratio of

the total angular moméntum,J,to the niagnetic homent, is
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. an indicator of the degree to which the maghetic moment
'is either orbital or electronic. A value of 2 indicates
‘electronic moment only and complete quenching of the orbital

_ angular momentum,

It is found that magnatopryétallina anisotropy falls

..:apidly with respect to temperature, much more quickly than
:the strength of the spin-orbit interaction'indicated by the
;Landg g factor and much faster than the magnetisatipn
1ahd'£hérefore cannot be due to a weakening of the micro-

'scopic mechanism causing anisotropy.

The cause of the temperature depandence‘of'tha aniso-

"trppy is now generally recognised, with the exception of

effects specific to the itinerant electron m@del,'to be

lwss‘af”parallelism between individual spins due to thermal

-gxcitation (Akulav,'1936). Thus for saturation along a

hard dirsction thermal effects tend to diréct the spins

: toward an easy-axis and lower the energy associated with
'_ihem,fmhilst for saturation along an easy=-axis the mis-.
_:Qélignment due to temperature promotes the ionic enmergies
,191mqéithsy are ekcit;d toward a hard difection. Thé‘effect |
';qu,this sampling of the anisotropy energy over an angle

ii;s therefore to reduce . the energy différenca between:easy
',“;ﬁd'haid magnetisations, thét is to réduce the observed
}ﬁn@sptrapy. The elementary mement, whether s;nglé ions

-'br ions in pairs or clusgeré, will in all cases be subject

to this mechanism whereby anisctropy is thermaily degraded.

" Even in the itinerant electron model, some of the temperature

':dapanden;e'will occur for this reason.

To qeterminé the effect of the temparéture on anisotropy

s
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the average energy of all the spins must ﬁe obtained.
Since the macfcscopic magnetisation is the average of
the projection of the distributed spins ontoa the
magnetisation vector, the ratio of the magnetisation
68(T) to that produced for coherent spins 68(0)(at 0K),
is a useful parameter to describe the spiﬁ distribution;

65(T)

m(T) = 3-3-67

Z The reduced magnetisation eee(2.22)

Callen and Callen (1966) report a history of the
calculations of the spin distribution and anisotropy
change with respect to temperature and Birss (1964)
gives a rigourous mathematical background. The predicted

temperature dependences ars as’ follows:

2,4¢)1e The single~-ion model

At absolute zero the ionic spins are supposedly aligned

and, fora density of the spins of N per unit volume, the

‘anisotropy energy associated with each can be written;

where KL(U) is the L*Porder anisotropy constant at

G K, and, after Callen and Callen (1266), ]1(5) is a

. normalised polynom;al in either the spin operators or

a unit vector along the spin axis and expressable as a series
of spherical harmoniﬁs restricted to suit the crystal
symmetry. For a single;ion model, this' equation continues

to apply to ipd;vidual spins under the effects of the.fixed

crystalline potential when reoriented by thermal egitation,_
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Thus the anisotropy energy for a spin distributien per

unit volume may be written;

eV = ZL K (0) 2_ o <Y(S) | cee(2.24)
m.

where (YE(SX> is an average value computed assuming magne-
tisation to be isotropic in magnitude. By a change in
coordinates to the magnetisation frame rather than lattice

frame, Callen and Callen obtained;
BN = 2% (0) <riE'D T © eee(2.25)

where & is a unit vector parallel to the magnetisation and
S' is the spin unit vector referred to this direction.

Comparing with equation 2.23, the quantity;
K (D) <YD(S') __ ves(2.26)

can be seen to be the temperature dependent anisotropy and

therefore the coefficient KL(T) is given by;

K (T) (8" Dy

5 e — eeel2:27
k(O " &), (2.20)

Thus Gallen and Callen expressed the teﬁperature brcfile
~ of the anisotropy in terms of the average of the spin

. components inihg‘magnetisation direction gnd,:uging'the

fact that; |
R

o0y,

obtained in a quantum mechanical treatment at low

m(T) ' ees(2.28)

temperature;
KO(T | ’
._ld(—)= (m(T))L(L+1)/2 eee(2.29)
KL(D)
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At arbitrery temperatures this ylelded;

u(T) s ( -
(O) L +h x) B eee(2.30)
where ?L+*(x) -is the reduced hyperbolic Bessel function
of order L + % and X is a parameter describing the spin
distribution and which can be eliminated usiﬁg the fact
that{'

| M(T)'-.<Cosa9i = J(x) = '?3,2<x) | “:' cee(2431)

where I(x) is the femiliar Langevin function equal to the

reduced hyparbolic Bessel function of order 3/2. Hence

_1n general,

K(T)
kJ(o) |
The definitions of these functions are given in Appendix K.

= IL+*(L.1(N(T))) | 000(2'032)

Equation 2.31.reducas‘to the required L(L+1)/2'powar law

.at low te&mpfera:i:ure-s ‘for. which x—» cO .

The L(L+l)/2 power law has been derived classically

by Zenar (1954) who assumed that spins deviated from ahsnment

accordlng to a random-walk function.

“Brenner. (1957), commenting on Zener's model, considered

a Boltzman distributien to be more suitable than a random-

malk function sinca the Boltzman distribution 1mplled a field

. caus:.ng alignment of the moments, and derived an equation

0

.'in the cubic case fo: the reduced Kg in terms of the reduced

temperature, t (redhcéd with respéct to the Curie tempera-

ture). By inserting the expre551on for magnetisation given

by the Langev1n-Weiss formula,

a(T) = Coth(3n(T)/t,) - 6,/(3n(T)) vee(2.33)
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he found that at low temperatures this approximated to
a lﬂth power law but' an increased power at higher tempera=-
tures. The 10%" power law was required by the L(L+1)/2
rule. Carr (1858) developed the ideas of Bfenner and

showed for hexagonal materials;

K4 (T)

m = (k1(0) + 8/7 K,(0))(m(T))* - 8/7 K(0)(m(T))20 & ..,

. 000(203")
in the convention of equation 2.2 for Kn .

However, this could not explain the change in sign-of K,
for cobalt. Consequently Carr extended his theory to
account for thermal expansiaons along ﬁifferent crystallo-
graphic axes and showed that change in the lattice parameter
ratio of cobalt with respect to temperature was of just the
right size to cause the necessary change in the anisotropy
constants through a change in the crystalline field,

_Carr's calculation of the additional factor in the equation
relied on determinations of the dependence of the crystal
field on lattice parameter for hexagonal materials made by
fickeehan (1933 and 1937), room temperature values of c/a
for cobalt from Owen and Jones (1954) énd thermal expansion
datazat room temperature for cobalt,which he assumed to be

uniform over a wide temperature range (American Institute

. éf Physics handbook, 1957). The calculation also relied on - the
0 K value of K,(0)/K;(0) taken then to be 0.28,

The K, anisotropy equation then became;

Ky (T) 5
K Zoj == (1 - 3t)(m(T)) ees(2435)

explaining the inversion at approximately 500 K and

‘generally fitting the cobalt data well. However information

4
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particularly the c/a ratio measurements, was'inaccﬁrata
and.some uncertainty still remains in the farm‘the scaling
factor should take, which must be known to test the theory
pfoperly. Takahashi et al. (1978) recalcﬁlated using t/a .and
d(c/a)/dT values from "Thermo physical properties of matter"
(1975) and got a value of 1.3 rather than 3 in the scaling
factor giving a poor correlation to experiment. It is not
known therefore to what extent Carr's work is valid.

Szpunar (to be published) has very recently worked
specifically on the problem of cobalt in which, as in Carr's

work, the single-ion model was assumed, and repeated the

~anisotropy calculation using the relationships between the

anisotropy constants, the crystal field parameters and
Stevens factors for the hexagonal case as given by Lindgard
and Danielsen (1875)., The assumption that the Stevens factors

followed the single-ion temperature dependence law;
<D = c(n(r))H{L+1)/2  eei(2.36)

was made and using the c/a dependence of the crystal field

parameters, BE, as given by Dixon (1972), a relétionehip was

'established between anigetropy and temperature. However

again the uncertainty in experimental c/a measurements pre-
vented an accurate assessment of the theory and, ;as indicated
in chapter 7, all that could be shcwn was that a reverse
calculation of the c/a rétio from the éhisbtropy data gave
values within the experimental erpor over the temperature
range for which the ratios were availgble. These comnpgrisons
are original to the present thesis. A detailed derivation of

the anisotropy dependence on temperature following Szpunar
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is given in Appendix C. Ono (1881) has also considered

the temperature dependence of the anisotropy'of cobalt

including the effects of c¢/a changes but obtains poor

correlation with experimental values above room temperature.
Formulae derived from spim-wave considerations have been

given by Pal (1354), Keffer (1955) and by Hausmann (1970)

showing specifically, in the case of Kgrfor cubic materials,

th power law or approximately (Turov and Mitsek,

the standard 10
1960) theluth power law. These theories treat the mis-
orientation of single spins in proximity to others as part

of a corporate excitation called a spin wave having thermally
excitable energy quanta called magnons. The effect of
temperature on anisotropy and magnetisation can therefore be
analaysed but no real change in the theoretical.predictions
is found, Cooper (1968, b) reviews these spin-wave cal=-
culations.

Brooks (1968) pointed out that the enormous anisotropy
in some rare-earths must have an effect on the axial symmetry
of the spin distribution for an arbitrary magnetisation
direction. For instance, in terbium the spin precession
must be compressed into the easy basalsplanegiﬁcreasing the
power fall-off.of the.basal-plane anisetropy énd reﬂgcing
the uniaxial fall-off. Egemi (1972) and Brooks and Egami
{1873 a,b, 1974),-using a spin-wave analysis, showed that

the normal L(L+1)/2 power law had to be modified by a term

including the distortion of the symmetry of the spin

distribution paraﬁeterf;ed by b(T). They showed;

0
L

kD(0)

K (T)

- (m(T))L(L*1)72/(1 _b(ry)(LL+1)=6)/2 5 5q)




-and;

0 _
LD 072/ (0 D2 (a5
k(o) |

They also showed, for low temperatures, (l-b(T)) is propor-

tional to reduced magnetisation and that the initial power

laws for Kg and Kg in terbium would therefore be an and
3Bth changing rapidly as the ellipticity parameter fell to

zero with respect to temperature to apprbach the normal
power dependence. The parameter b(T) was related simply
to the difference between the transverse spin components as

follous;
(s2 - s?)

2

where Sy and §, are components of the spin distribution
perpendicular to.the operative moleculgr field. There is no
definitive experimental evidence for these laws (Cogblin,
1977).

Cooper (1968, a) considered, in a single-ion model,

-magnetoelastic effects in the aniosftopy.to derive a

basal-plane temperature contribution given by; -

Ke(T) | |
5(0) X Ig/z+15/, " eee(2.40)

to be added to the normal 113/2 dependence. Generally
speaking, magnetostrxctlve effects are excluded from the
theoretical analyses, which makes experﬁmental data difficult
to correlate with theéry since the acfﬁal measurements
involve-hagnetostrictive contributions. The general effect
of magnetoétriction on the. observed anisotropies is dealt -

with seperately in section 2.5.
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24442, The two-ion model

The two-ion temperature dependence of the K1
anisotropy constant was shown by Callen and Callen
(1865) to be described by an (m(T))2 law in a cluster-
theory calculation in which the influence of nearest and
next-nearest neighbours on the discrete ioné were taken
into account. They showed that generally;

Qo _
m = (m(T)) | coe(2441)

is applicable at higﬁ temperatures (Callen and Callen,
1966),

Van Vleck (1837) showed that the pseudo=-dipole inter-
. action gave a variation in Kg having a power dependence
on m(T) varying from 2 to 4 as temperature increases and that
the pseudo- quadrupole interaction for cubic materials
‘gave a Kg power of B decreasing to 5 at higher temperatures.
By introducing an improved model in which the pseudo~quadrupole
interaction between pairs of ions was consiﬁsred, the effect
of the other ions being treated as a molecular field,
Van Vleck obtained a power law of 10 decreasing to about'S
-at higher temperatures which is initiaily in accord with
the L(L+1)/2 power law. These results pertain to a theory
“which is knownlto be qualitative at best and difficult ta

treat ﬁéthematicallQ.

2.5.Magnetoela$tic effects

X

ilagnetostriction is a term used for the change in
dimeﬁsions of a magnetic material with respect to the



orientation of the magnetisation vector in the crystal
lattice. The energy change associated with the re-
orientation of the magnetisation due to work done égainst
the elasticity of the lattice is called variously magneto-
strictive or magnetoelastic energy and contributes tc the
magnetocrystalline anisotropy observed experimentally.

The magnetostrictive distortion is usually represented
as a power series of the direction cosines of the magneti-
sation, o, and the direction along which the distortion:
is measured Bis relative to the crystal axes. For hexa=-
gonal crystals, one particular convention to second order

is;

Ak = (AP0« A28 - 1/3))(p2 + g2)
+ A0+ AP2002 - 1/3))82

+ 1/2 N2((o, B, + o, 8,)2 -

(%8, = 08)%)

+ 2)0% By + 0B, B eee(2442)

where the‘\En are magnetostrictive parameters of which.the
-fbo and X;“O db not describe a shape dependence on maghsi
-.tisation{difection, but rather a disto;tion with respect to
magnestisation intensity. Clearly a knowledge of the
elasticity of the laftice along the various crystal axes,

. for the several ways strain can be applieﬁ, would allow

an energy to be associated with the magnetostrictive defor-

~mation and thisiéculd be expressed in terms of the
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magnetisation direction. The elasticity is infact
described by up to 36 elastic stiffness comstants in a
material obeying Hooke's law and these are labelled Cn’”
where n and m vary independently between 1 and 6.
Detailed calculations will not be given but relevant

solutions include, for the HCP structure as given by

Birss (1964);
€y,24,2 .
AK]. = —ana( X ) 000(2043)

where Klfolloms the convention of equation 2.2 and AK1
is the magnetostrictive contribution to the”K].anisotropy
constant. The contribution of magnetostrictive energy
to the anisotropy will be discussed for parficular

materials in chapters 7 and 8.

2.6 Anisotropic magnetisation

Callen and Callen (1960) point out that the anisotropy
in the magnetisation energy must produce a directional de-

pendence in the value of the magﬁetisation itself to yield

.~.'anisotrupic magnetisatioh'. This is a generalisation of
.the idéé mentioned in section 2.4 where a distortion of the
thermal spin distribution in. terbium with respect to crysfal
.direction was postulated, being the effect of the anisotropy
on-the.spread of thé spins. Although not stated explicitly
this implied an aniostropy in the local spontaneous magne-
tisation. Aubert (1968) successfully measured anisotropy
in the magnetisaF19$ of nickel to find a proportional
variation of.U.DE% mith respect to opientation. The effects

of the magnetisation anisotropy on measured magnetocrystallina




TR —nv-.v.__,,‘-‘,_.{\*ﬁ
v At
R

- 51

anisotropies is usually very small.
Callen and Callen showed that the magnetisation can

be described by spherical harmonics;

0o L :
¢ (1,8,¢) = LZ-:O m{_i @ (T) Y[ (8,4) see(2.44)

parameterised by the dL(T)where 6b(T)is the main
isotropic component. They proceeded to show fhat the
relationship between the 6L(T)and the zero temperature

anisotropy coefficients KE(D) (in the convention of equation

2.5) is;
¢ (1) = -;{,ﬁ%} K™(0) Xy (T) © forL>0
eee(2.45)
where Xg(T) is the isotropic susceptibility;
Xo(T) = pg i‘%g;l_)_) | e e(2.45)

and where the normal m(T)L(L+1)/2.power law has been

assumed'for the temperature dependence af the'KE(T).

By inspection, the anisotropic magnetisation coefficients,

mL(TLcan be thought of as the magnetisation induced by

an anisatropy figld due to the coeffielents subscripted by L.
The magnetocrystalline anisotropy enargy_meaéhred

experimentally will include the Zeeman energy between the

applied field and the nnn-isoiropic components of magne=-

tisation, that is the dL(T)for L>C. Hence;

, m oo .m ’ :
KL(T)experimant "KL(T)maghetocrystalliné

- PUJL(T)BU 000(2047)

Assuming constant)q)over the field range employed, the
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supplementary energy term in the anisotropy can, in
principle, be eliminated by extrapolating measured aniso-
trapies'to zero field to yield constants free from the
effects of the anisoeotropic magnetisation.

Callen and Callen calculate a relative anisotropy

in the magnetisation of cobalt of 0.l1% contributing

negligibly to the experimental anisotropy constants,

'High anisotropy and low exchange energy is a com-
bination for which the contribution of anisotropic
magnetisation to the anisotropy is large. The gadolinium/
terbium alloys of chapter 8, particularly as they approach
their Curie temperatures, manifest this combination, though
no quantitative information has ever been obtained on the
directional dependence of their spontaneocus magnetisatiens.

Papers have appeared qualifying the initial work of
Callenand Callen, notably those of Charap (ég Charap,
1861) who analysed the ﬁh@nomenon of anisotropic magne=-
tisation more extensively using a spin-wave thecrye.
However, the general results elucidated here have remained

unchanged.
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CHAPTER THREE

CZOCHRALSKI CRYSTAL GROWTH AND AUTOMATION

3.1 Introduction

The properties of a crystalline materisls often
differ significantly from those of the non—crystalliné
state giving them applications in which the distinct.property
is sought. For instance the conductivity and mobility
requirements for integrated circuit semiconduﬁtors
dictate the use of single crystals.

Crystal growth by liquid-solid equilibrium, of which
the principal techniques are Bridgman, float-zone and
Czochralski, is the most widely practised commercial
method for single crystal growthe. 1In all of these,
crystals are propagated as material solidifies from the
melt at a controlled interface. The three techniques
are illustrated schematically in figures 3.1, 3.3 and 3.4.

The Bridgman technique, first used.by Bridgman (1925),

1consists of traversing the solid-liquia~intarface alomng

a valume of molten material contained within an elongated
crucible by passing a cooling wavefront down the melt.

The cooling may be achieved by lowering the power of

a furnace having a natural thermal gradient og*by physically

transporting the crucible out of the heated zone. (fige. 3.1).
The nucleation end of the crucib}e-ié usually pointed so
that solidification begins at a singlenpoint; multiple
nucleation would produce a polycrystalf Vertical

cylindrical crucibles or horizontal open boats are

- 53
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common and usually heated in a vacuum or inerf_gas to
prevent reaction with the atmosphere. Enclosed crucibles
are sometimes used for particylarly velatile materials for
which Czochralski or float-zone growth are unsuited. The’
Bridgman technique is sometimes called the Bridgmén-Stockbarger
technique due to the extensive use of it by Stockbarggr
(eg Stockbarger, 1836).

Zone refining, shown schematically in figure 3.2, is
a purification technique in which a molten zone is swept
repeatedly in a single direction through the solid.
AR predisposition for impurities to occupy the liquid rathar
than the soiid at the freezing interface.ensures that they
aia systematically driven to one enddf the sample which may
then be partially removed leaving a purged remainder. Single
crystals are sometimes produced by this procedure by analogy
to the Bridgman technique.

Float-zone growth is a crucible-free technique with the
consequent advantage of low melt contamination from the walls
of A,container. It involves the passage of a localised

molten zone along & vertical rod of méterial, the zone

being held betwsen the adjecent solid regions by the surface

tension of the melt (fig. 3.3). Rotation of the growing

" or diminishing rod tends to-craate symmetry in the zone

which helps stabilisation and alsb homogenises impurities
in the grouwing crystal, Float-zone growth requires a
seed crystal to nucleate the salidifying interface, the
zone being initiated in the seed. Float-zone equipment

tends to be more complex than Bridgman, partly because
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heating a very small zone remotely can be problematical,
sometimes requiring electron beam melting or the focusing

of a radiant source.

3.2 Czochralski growth

One of the most important growth technigues is that
named after Czochralski who in 1917 grew rod shaped crystals
from the melt. The rods solidified at the melt surface as
they were withdrawn and the crystalline state propagated
through the bulkof the rod if initially present in the seed.
It was using this technique that Teal and Little (1950)
grew the first single crystals of silicon and germanium
and this technique remains  today the chief methad of
production for the semiconductor industry, |

The normal requirements for a Czochralski crystal
puller are;

1) a mechanism for rotating the crystalline rod while
withdrawing it from the melt; |

2) a means of containing and heating the melt, usually

- by a resistive or radio-frequency furnace;

3) a means, if necessary, of preventing the melt froh
reacting with the atmosphere by surrounding the growth

region by vacuum or inert gas.

' figure 3.4 shows a schematic Czochralski crystal. puller.

minus gas/vacuum system. Detailed diagrams of a particular

Czochralski crystal.pulle; are giﬁen in chapter 5, see
for example figures 5.3 and 5.4,
Czochralski technique has advanﬁéges over Bridgman

because it imposes no mechanical constraint on the
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SIMPLIFIED DIAGRAM OF A CZOCHRALSKI CRYSTAL PULLER

THE ESSENTIAL PROCESS IN CZOCHRALSKI GROWTH IS TO WITHDRAW
MATERIAL FROM THE MELT AT A RATE WHICH ALLOWS THE BUILD UP OF
SOLIDIFYING MATERIAL TO BE SUSTAINED AND THE CRYSTALLINE STATE

TO BE PROPAGATED IF INITIALLY PRESENT,
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' freezing interface. In Bridgman techniqué, the forces

which materials create on the crucible if they expand on

freezing (a few percent in the case of silicon) distort

the crystal introducing dislocations.and even low angle
grein boundaries. No such problem arises in Czochralski
growth, Furthermore, for the growth of large crystals,
Czochralski technique can be scaled whereas float-zone
growth is limited to small crystals for which a practical

craoss-sectional zone can be retained Hy.surface tension

(or, to some extent, radio frequency levitation), diameters

of about 1 cm being typical.

The physical characteristics of a material may exclude
growth by the Czochralski technique or indeed any other
liquid=-solid method. Properties preventing growth are;

1) the material decomposes before it melts or melts
incongruously;

2) the material sublimes before it melts or its vapour
pressure is too high at the melting point;

3) structural change during cooling (eg FCC —» HCP for
Co at = 700 K) adversely affects crystal perfection;

4) the melting point is impractically high;

5) the growth conditions are not suited to a desired

dopant eg due to its wvolatility.

The most critical experimental parameter in_Czochralski

growth is the melt temperature which, during tybinal growth,
must be regulated to about C.5% just above the melting
pointe, Control of the pull-rate iS not és_critical.

For high crystal perfection, however, all parameters

are important including rotation-rate, transverse and
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longitudinal thermal gradients at the growing tip and,.
if relevant, the flow rate of the inert gas.

'Rotating the crystal during growth is necessary to
preserve rotational symmetry of the crystal aﬁd distribute
impurities. Rotation rates are limited to a few hundred
RPM since above this, melt agitation adversely affects
the growing interface and thereby crystgi perfection,

60 RPM being typical.

fhe crystal can be initiated by using a-pdlycrystalline
starting rod and growing a thin neck in which a single
crystallite propagates to the exclusion of others,
Thereafter the crystal can be grown out to the desired
diameter. However fog a required orientation of the crystal
lattice a well characterised seed crystal ﬁust,be used,

An excellent text on Czochralski and crystal growth
techniques in general is R.A. Laudise "The Growth of Single

Crystals" (1870).

3.3 Automatic control of Czochrglgki growth

Automatic control of Czochralski growth is defined
_here to be the automatic stabilisation of crystal diameter

dhring growth,.

Automatic diameter control systems for Czochralski grouwth

were patented in 1959 (Levinson 1858), first reported in the
literature in 1966 (Apilat et al., 1966) and were available
commercially in the West by 13971, As indicated by .
Lorenzini et al. (1974) the effect of these systems

on the silicon materials industry was significant allowing
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many pullers to be run simultaneously by fewer, less
skilled operators to produce crystals for which subsequent
grinding was minimale. Furtﬁérmﬁre the incréased control
allouwed consistency in the shape 6f the growing interface,
with its influencs on crystal perfection, so as to
realise reproducibly the special growth caonditions whereby
Zero dislocation crystals are produced.

Thers are six basic methods of control which have
so far been applied to Czochralski growth, each characterised
by the method of determining the diameter of the crystél.
In all cases deviations fiom the required diameter are trans-
lated to corrective changes in the melt temperature or
hull-rate completing a feedback=loop in thch crystal
diameter is stabilised. The controel electronics will not
be discussed in detail here., An alternative method of
making ceorrective changes to the crystai diameter was
reported by Vojdani et al. (1874) who used the Peltier
effect to remove heat at the growing interface by passing

current down the crystal. This method is only appropriate

"to small and medium band-gap semiconductors, these having
. the necessary Peltier coefficient,'and has never -been

“used in the closed-loop control of crystal diameter,

The.six methods of control, excluding the viscous
torque method reported for the first time in chapter 5;
are shown schematically in figures 3.5 to 3.10. A review
article by Hurle (19?7) on this subject is excellent but
does not mention the use of melt depth sensors.

Bachmann et al. (1870) reported Czochralski growth



in which the growth conditions were changed sequentially

by a programmer. No in-progress diameter measurements were
made but limited automation was achieved including the
control of neck~down. This was an open=loop method

relying on the reproducibility of the furnace conditions
from one run of the puller to the next and did not constitute
automation as defined here.

One method of producing Czochralski crystals with a
fixed cross-section is to use a die floating on the melt
surface containing a hole through which the crystal is
pullede This technique has found its principal application
in the growth of ribbons rather than cylindricai rods and
again is not an automatic technique in the sense defined.

The six automation methods are described in the

following sections,

S3e3s1s The 'bright-ring! method

Histeorically the 'bright-ring' method was one of the
earliest forms of automatic control (Patzner et al. 1867)
'and used an optical pyrometer focuséd an the melt surface
-adjacéni to the crystal (fige 3e5). Ehanges in the

T crystal diameter were detected as the luminous meniscus

'region, that is the 'bright-ring'!, advanced or retreated
across.the view of the pyrometer increéging or decreasing
its output. Stabilising the pyrometer.output 5; ad justing
the growth conditions.constrained the &iameter of the
crystal as required, The bright-ring, 'as shown by

Digges et al., (1875) and independently by Tﬁrbyskii

et al. (15877), was due to the reflection of light from hot
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areas of the growth system by the curved meniscus,
Domey et al. (1871) raported‘a development of the
technique using a computer in the feedback process with
contral of both melt temperature and pull-rate rather
than solely pull-rate. Van Dijk et al. (1974) and

Turovskii et al. (1877) report further developments of

this method., All bright-ring methods require the crucible

to be lifted to keep the melt level constant in order
to prevent apparent movement of the bright-ring with
respect to melt depletion as viewed off the crystal

axise Bright-ring control has achieved % 1% diameter
regulation in silicon (Turovskii et al. 1977) and a

similar accuracy in apatite (Steinbrugge et al. 1272)
. and is therefore one of the best available techniques

in this repect.

3e342+ The laser reflection method

Closely related to the 'bright-ring! ﬁgthod is the
laser reflection method described by Gross and Kersten
(1972) and Van Dijk et al. (1974). The meniscus position
was sensed optically but in this case using a chopped
He=Ne laser to vertically illuminate the melt surface
near - the growiné-interface'(fig. 3.5). Change in the
position of the meniscus curvature deviated the refleéted
laser beaﬁ, detected by twiﬁ photodiodes tuned to the
chopping frequency. The out—of-balance signal initiated
appropriate changes in the melt temperature. Control

of the crystal diameter.was + 1% for 2 cm diameter
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crystals of the KCl and Bi GeO,, (Cross and Kersten,

12
1972) comparable to the previous method.

3e3e3, The optical TV imaging method

Gartner et al. (1972), O'Kane et al. (1972) and
Kim et al, (1882) describe control by imaging the crystal
with a television camera and deriving the diameter from
the intensity profile of a line in the video image cutting
the interface region (fige 3.7). Viewing the crystal
out-of-normal due to the crucible wall, produced an |
ellipsoidal image of the meniscus having an ill-defined
boundary with the crystal yielding low interface definition
and reducing control accuracy. A conventionél_black anhd
white vidicon and infra-red TV camera were used respectively,
Stabilisation of dismeter to within z 5% was possible by
feedback to the melt tempsrature. This contro; methaod
has not been widely adopted presumably due to its

inaccuracy.

3e3e4s The X-ray shadow method

Pruett and Lien (1974) and Van Dijk et al. (1974)

-report the inspection of crystal X-ray shadows using a

felevision monitor. (fige. 3.8). Resolution uwas hampéred
by the finite source size causing blur in the silohette
detected ﬁsing a IZnS screen. As in the previous method,
the duration of the traverse of a raster over the
darkensd part of an appropriate line in the .video imaée
yielded crystal diameter. The method is pérticularly

suited to liquid encapsulation Czuéhralski growth in which, .
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to prevent volatilisation of the melt, an immiscible
non=-volatile material is floated on the surface

(after Metz et al., 1262) obscuring the interface

region to optical aﬁalysis and complicating the use of

the next two methods of diameter measurement. X-ray imaging
can however, for seome material combinations, show the
submerged crystal tip, as in the case for GaP encapsulated
by 8,03 .« Van Dijk et ale (1874) used this technique to
automate growth via the melt temperature and achieved

£ 2.5% diameter stabilisation. Pruett and Lien used the
techniqué to complement manual control of the furnace.
However, x-fay imaging has nat been mentionad.in the

literature since 1974,

3.3.5. The weighing methods

By far the most important method for automatic control

of the Czochralski technique is the weighing method (fig. 3.8).

Though envisaged in a patent as early as 1952 (Levinson) and
again in 1366 (Rumme;) the first working version was reborted
as recently as 1972 (Bafdsley ét al.) aﬁd desgr;bed subse-
quently by Zinnes et al. (1873), Kyle and Zydzik (1973),

_Reinert and Yatsko (1874), Valentino and Brandle (1974),

Satoh et al. (1976), Garabedian et al. (1575); nateika et
al. (1977), Bardsley et al. (1877) and Fukuda et al. (1982).
In this methods the weight of the crystal or crucible for
constant pull-rate can be compared direﬁtly to 8 linearly
incfeasing datum to provide a signal®indicative of the
avérage diameter_erfor over the preceding crystal profile,

Conversely the differential of the weight with respect
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to pull-rate yeilds the diameter of the crystal (Valentino

and Brandle, 1974; Bardsley et al. 1977). To achieve this

method of control the modification necessary to a standard
crystal_puller need not be extensive; all that is required
is a load cell within the gas/vacuum system. Garabedian
et al. (1876) quote control accuracy of % 0.4% in

gadolinium-gallium-garnet using the weighing method; the

-most precise for any automation method,

3,3.6, The melt level method

In the melt level method, the decrease in the melt
level is compared to crystal length or pull-rate to yield
an error signal in ;he diameter (fig. 3.10). Though preceded
by patents on the weighing methad, this seems to have been
the earliest working automation method for Czéchralski growth,
all the development being carried out in the U.5.5.R.
Introduced by Apilat et al. (1966) continuous improvement
followed, notably by Belgurov et al. (1870) who reported
a specialised platinum contact melt-=level transducer and by

Burachas and co-workers subsequently. Timam and Burachas

'(1981) and Goriletsky et al., (1961) achieved diameter

control of # 1.5% by this method,.
3ede7e Discussion of methods

Both Hurle (1977) and Jozsef (1978) in review .articles
on the automation of - Czochralski gfowth conclude that methods
which measure not only crystal diametef but also the shape
of the meniscus at the grhwing interface'are‘the best means
of stabilising crystal diameter. Lne reason for this is

that the meniscus angle, o¢ , defined in figure .11, is

68
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dependent on the inclination of the crystal walls to

the melt at the growing interface.

gravity

Definition of the contact angle ¢ and the meniscus
angle « in a schematic cross section through the axis of a
Czochralski growth arrangement with axial symmetry. The
crystal is indicated by an ordered, the melt by a disordered -
arrangement of dots.

(AFTER WENZL ET AL., 1978 )

This means that meniscus angle is dependent on the derivative
of crystal diameter with repect to distance pulled and the
sensing of the meniscus angle can.therefore_indicate impending
diameter changes p;ior to their occurrence. In particular

it has been shown (eg. Wenzl et al. 1878) that the contact
angle @ of the surface of the melt with respect to thé

crystal surface is a constant for a given material, being

-zeroe only for those materials. for which the liquid completely

wets the solid, laintaining a meniscus angle of @

therefore produces parallel-sided crystals. However, a
meniscus angle of @ defines a size and shape for the
meniscus column held above melt-level by the surface tension.
Thus the deviation from this column geometry anticipates the
ensuing diameter changes of the crystal. A general paper

on the relationship betﬁéan the meniscus geometry and the
shape of growing crystals has beén written by Surek et al.

(1980).
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Clearly the 'bright-ring' and laser metéods ﬁeasure
not just crystal diameter but depend also on the state of
the meniscus, since reflections from thé meniscus region
in both cases produce the signal by which control is
accomplished., Likewise, though not as critically, the
weighing and melt level methods are memniscus sensitive
because the volume of fluid supported above the melt
surface by the meniscus is accredited to the crystal rather
than themelt in both cases. Television methods (optical,
infra~xedor X-ray shadow) are simply diameter sensitive
since meniscus profiles are beyond the resolution of any
realistic equipment. The control of diameter for these
methods is accoerdingly poore.

Two methods which have been applied to the automation
of float-zone growth but not Czochralski growth invoelve
in the first case ¥Y-ray attenuation through the molten
zone (Autenshlyus st al. 1875) and 'in the second case
viscous torgue measurement (Quenisset et al. 1580). Both
methods could be applied to Czochralski growth and the
latter is described in chapter 5. It would te difficult

to collimate and detect ¥-rays in a method wherby the émall

meniscus region just above the melt in Czochralski growth

is resolved accurately and therefore the ¥-ray method would
be insensitive to the meniscus shapé. Viscous torgue
measurements would, on the other hand, be sensitive to the
shearing aof the fluid between crystal'and melt éurface,
that is the latter would be meniscus sersitive and, at

least in this respect, a promisihg method of automation.
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CHAPTER FOUR

TORQUE MAGNETUMETRY

4,1 Introduction

The magnetocrystalline anisotropy of a material
may be determinmed by several methods, including the
analysis of magnetisation curves, by ferromagnetic
resonance, electron diffraction, inelastic neutron
scattering and magnetostrictive measurements. A further
method is that of torque magnetometry in which the dif-
ferential of the anisotropy energy surface with respect
to angle is inferred directly from the torque experienced
by a material im a magnetic field, '

A torque magnetometer is basically a device which
measures the torque on a sample normal to the plane of
relative rotation between the sample and an applied
magnetic field to determine plots of torque'versus field
angle. Related devices, such as the torque .pendulum first
used by Rathenau and Snoek (1841), the rotating sample
magnetometer devised by Ingerson and Beck (1938) and the
ripple-field magnetometer of Birss et al, (1976), which
all measure magnetocrystalline anisotropy directly, will
not be discussed here,

The following chapter deals firstly with obtaining
anisotropy - values from torque curves (section 4.2) and
then describes existing toerque magnetbmeters,which cén be

compared with the magnetometer of chapter 6. The ansotropy
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constants measured by a torque magnetometer include the
effects of magnetostriction and anisotropic magnetisation
and in_neither case can these be eliminated satisfactorily.
without independent measurements of the spurious property.
The review of Pearson (1979) is an excellent text on
the experimental aspects of torque magnetometry. A brief
introduction to torque magnetometry is given by Ziletra

(1860).

4,2, Analysis of data

442,1, The shear-correction

It has been mentioned earlier (chapter 2) that the
torque on a saturated material in a magnetic field cam be
found by differentiating the anisotropy energy with respect
to angles A problem arises however, when obtaining the
anisstropy energy from the torque measured experimentally,
because the energy is conventionally expressed in terms
of the angle of magnetisation within the-lattiee, rather
than the angle of the external appiied field, and it is

dependence on the latter that produces the observed

'toxque.' The solution is to correct the eiberimental

torque curve to one with magnetisation angle along the
abscissa by applying a 'shear—correction'; since thel.
torque value, field.value and magnetisatien value, for

any point-cn the curve, define an angle by which the

field vector and magnetisation vector hust differ

(see_fig. 4.1)s Each point on an experimental torque

curve must therefore be slid or 'sheared' by an appropriatq

amount to yield torque with respect to magnetisation

12
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THE SHEAR-CORRECTION

curve
easy axis

6, = shear 'ungl.e |

B, (field)

8

an easy axis



angle from which the anisotropy constants can then be

obtained.,

4,2,2, Gbtaining the anisotropy constants

A common method of deriving the anisotropy constants
from a shear-corrected torque curve is to Fourier analyse
the curve and to use certain established relationships
between the constants and the harmonic content., For example,
the hexagonal anisotropy eneraqy expression (eqn. 2.2)

differentiates with respect to 8 to give;

E/V

EA = [ = Kp + 2K;51nB.Cos8 + 4K $in°8.Cos8

2

+ B(Ky + Kacosﬁf)Sinsa.CosB + oo
...(401)

which is the shear-corrected torque per unit volume for field
rotation about the 'b'-axis. If expressed as a series of
harmenics, in phase with the easy=axis, parameterised by the
Fourier coefficientsfy, A, Ag «s, that is;

|';' = A,5in28 + A

451“43 + ASSinBB +* o0 000(402)

then the anisotropy constants are given by;

n=1

n+l 4 =2 [j+n-1 |
Kn = (-l)“ n é;; ( j-n )AZH 000(403)
In particular;
Kl = A2 + 2A4 + 3A6 + 4A3 + oo 009(404)
KZ = - 2Aa - BAS - ZOAB + oo 000(405)

K3 = - 16/3 AB + 32A8 + edo ; 'QQQ(AQB)

-
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Note that care must be taken in the definition. of Ka
and higher order uniaxial constants since conventionally

K, is taken to be the first basal-plane anisotropy constant

4
(the case throughoutthis thesis). There is no report of a

uniaxial K as defined in equation 4.3., being measured

4 ]
experimentally so there is no confusion in practices. The

basal~plane torque is given by;
[ = BgSinBp + By Sinl2¢ + ... coe(b.7)
whence;
K4 = BBB + oee 000(408)

Relationships between torque Fourier coefficlents
and anisotropy constants for other crystal structures can
be derived fairly easily for a given phenomenological
convention. The Fourier analysis is usually done numerically
by measuring discrete values of torque at specified field
angles and, after shear-correction, balcqlating the
coefficients using an integration technique suited to the

unequél angular spaecing of the data'dde:to shéar.

Unsaturasted samples

G423

Torque measurements can be made on Sambies whkich
are not saturated, that is not in the single domain'stafe.
Under these circumstances the anisot:mpg camstantsiéan only
be retrieved by assuming a modelifor domain behaviour and
deriving the torque in a given field;ffﬁm it.

The simplest theory for domain behaviour, from which
tcrque values in a given field can be obtaihed, is what
is called tphase theory', first described in detail by

T
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Néel (1944). 1In phase theory nn-analysis is made of the
microscopic behaviour of the domains; they are sinply
assumed to be made up of a few distinct types having a
characteristic magnetic orientation. ' Each dbmain type

is called a phase, and the theory i;vblves ohlyhthe

volume proportion and magnetisation direction for each
phase. The domains are assumed to Ee mobile, correspon-
ding to a magnetically soft material, and the internal
magnetisation of each is assumed to be constant; the
saturation magnetisation., The volume proportion and
direction of the phases are established by assuming a

state of minimum energy in the sum of the magnetostatic

and magnetocrystalline contributions, where the former is
calculated by assuming a macroscopic magnetisation which is
uniform and a vectorial average of fhe phases. A derivation
of the torque created by an unsaturated uniaxial disc is
given in Appendix C. A few papers have appeared which
describe in detail phase theory treatment of the magne-
tisation process in crystalline materials, particularly

Néel (18944), Néel et al. (1660), Birss and Hegarty (1966),

" Polivanov and Kalugin (1968), Jahn and T:Uller (1%63),

Voigt and Pelster (1973), Burd et al. (1977) and rost
comprehensively Birss and martin (1875). Of th;se,
Polivanov and Kalugin, Jahn and NBller, Voigd and
Pelster treat the resultént torque iﬁ a magnetic field.

In the case of partial saturation_of the torque curves,
in en interval around the easy-axis, anisotropies can be
derived using the conventional method by fitting a

harmenic seriesto the available shear-correctec curve
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and then assuming its continuation into the undefinéd
region. The accuracy of the derivation suffers because
the shear corrections are necessarily gross. if the applied
field could.not wholly saturate the sample anﬂ fhe angular
interval for which the corrected torque curve is available
is therefore invariably small, Une simplification is to
assume a leading term only in the anisotropy, which can
then be derived by interpreting the corrected easy-axis
gradient as the beginning of a sinuscidal plot. The K,
data for the terbium/gadolinium alloys was determined in

this way in chapter 8.

Le2e4. Extrapolation with respect to field

Torque curves taken in the non-saturated state
demonstrate a shape and amplitude which is cfitically
dependent on the size of the applied field., For saturation
at all field angles, the torque curve amplitudes of most
materials rémain virtually constant (eg for Co in the
l.4 - 1,9 T field range in figure 7,4) and the change tﬁat
eccurs to the tarque curve with increasing fiéid is in .
the shape as the shear-error reduces. A rough value of the
anisotropy constants can therefore be cbtained frow saturated
torque curves since, for an appropriate shear;carrection,'
they are largely independent of the appiied field, H@méver,'
it wés realised as long ago as 1539 (Tarasov), that torque
curve amplitudes failed to show a limiting value and
that an extrapolation was necessary; Q te&iprocal—field
plot continued to 1/H=0 being sUggegted. Latgr, llouvel
and Graham {1956 and 1357) suggestéF a 1//#910@-

However, it has now become clear that there is no corroct
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means of making the extrapolation.

The first difficulty in making an extrapolation is the
lack of a definitive theory which describes the anisotropy
field dependence'paraheterised by constants which could be
experimentally determined, Sievert and Zehler (1£70)
pointed out that anisotropy cornstants measured by torqﬁe
curves include components which are dependent on the aniso-
tropy of the magnetisation, that is, its magnitude variation
with respect to crystallographic orientation described by
Callen and Callen (1960) and Aubert (1966), multiplied by
the applied field. They concluded that an extrapolation to
zero field is required to retrieve anisotropies since only
then would the anisotropies truly reflect the change in the
free energy of the crystal with respect to magnetisation
direction. They also concluded that, in a simple thkeory,
the extrapolation ought to use a best fitting quadratic
and demonstrated a good quadratic fit between saturated shear-
corrected anisotropies with respect to field in the case of

cobalt., What they did not know is that their cobalt

. anisotroptes at finite field are at variance with

better recent measurements indicating thet a wrong shear-
correction parameter, ,l/(ds'\IBO)wa’s used w‘*hit»..?h creates

a quadratic error in the anisotropy with réspect to field
in.a second order expansion, It is impossibie, therefore,
to say that there is a quadratic component in the field
dependence of the anisotropy. Indéed Phi;lips and Shepherd
(1970) suggest a quadratic with'resdeé£'fo 1/8 rather than

Be Interestingly enough, indapendently bf Sievert and
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Zehler, another detailed study of the field dependence |
of the anisotropy constants of cobalt has been done.
Ono and Yamada (1979) and Ono (1981) showed cobalt
anisotropy field dependences which were much smaller
than those of Sievert and Zehler (confirming the possibility
of shear errors in the former work) and of a form which
fitted a theory in which the effect of the Ferni surfacé
rovement in the applied field was taken into account using
an \linerant-electron model for the anisctropy. The field
dependence of the magnetisation value was also considered.,
This was evidently a theory giving a complex field
dependence; it gavé only qualitative predictioﬁs. Generally
spgaking, therefore, the complexity of the field dependence
rules out the possibility of an extrapolation by a simple
functional form,

The second difficulty in making the extrapolation
is that, to obtain accurate anisotropies usiﬁg.torque
magnetometry, the samples need to be saturated., This
é necessarily means high fields and éherefote a very lang

‘projection of the theoretical fit for the field-dependence

to the zero field value. The extrapolétion is therefors-
inherently inaccurate.
In chapter 7 an extrapolation technique'was not

applied to the cobalt data, nor to the g .values for the

1
alloys in Chapter 8. However, the K4 values for the
alloys showed such.a sharp field'dependgnce that an

extrapolation was tarried out using the forn;

K‘.‘Bs% = K4\B_9.(1 - C/(B‘B)’), ' ....(4.'9)
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-Typiéaliy, for a field of 1 tesla, magnétisatiom of 10

where the power index, n, was adjusted to give a least -
squares fit to the data. In fact a value of n=1 was
optimum; in agreement with early measurements of the

field dependence by Tarasov (1932) on silicon-iron.

4o2.5. Non=intrinsic torque effects

Phillips and Shepherd (1970) analysed the anisotropic
torque produced by several non-intrinsic effeécts in toerque
magnetometry. Excluded from these are magnetasfrictive terms
in the anisotropy (inmtrinsic), ferromagnetic impurities
in the sample support mechanism and the effect of stray'
magnetic field on the electrical components of the magné-
tometer, Included are the non-herizontal mounting of a
sample disc, the ellipticity of a disc énd the eccentricity
of a specimen with respect to the magnetometer moverent,

A non-horizontal disc tilted to a small angle o,

from the plane of field rotation will generate a turque
[“ == VB d, Q(l - C-osﬁ(o)sinza - | eee(4410)

assuming that the disc is thin and!sat@fated to:dé .
2

. enu/g and density of 104 kg/m3, the contribution to the

anisotropy constants (principally in the uniaxial case

~to Ki) would be abaut 103 J/m3 for a misalignment of 2°

in the disc.

A slightly elliptical disc of fractional dismeter
uariatimw,s,'and small_thickneés tu dianeter fatiu, ﬁ, will
produce a torque.of;

3 (o @ )2 7TREV
[’" = Sko(ds @ )77 sin2@ ‘ coe(4ell)
16 | .
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which for §=0.0l, R=0.2, P =10 kg/m> and & =10° emu/g

gives an anisotropic energy contribution of about

103 J/m3 , again principally.to Kl in the uniaxial case.
An eccentrically mounted specimen, in a uniform field

gradient which rotates with the applied field, pruduces.

a resolved torque of; .

' d
r-. = Vds e (d—zo)rSinZB : 000(40-12)

where r is the distance between the centre of mass of
the specimen and the rotation axis of the magnetonester.
For r=10"> m, P=10* kg/m® , &_=10%emu/g and field

gradient=1 T/m, the contribution to anisotropy encrgy,

again principally to K,, would be about 107 J/m3 .

4e3. Existing magnetometers

The literature available reporting in detail the
construction of torque magnetometers is extenéive.
Torque magnetometry as a technique was reporéed in 1935
by Weiss, and torque magnetometers have been described since
then. The present survey toncentrates mainly on equiﬁment
~devised since 1950, Torsion suscebtibility'balanceS'for
fluids (eg Splittgerber and Gill, 1951) are excluded.,. UWhere
possible, bapers quoted refer to the initial.reports of.a
type of instrument or an improvemedt'made, rather than
its use subsequently., Detail yill.be kept to a minimum
and diagrams are schematic only;. The p@;pdse of this
section is to indicate the béckg;auﬁ& agéinst
which thé mechanically simple yet‘effective magnetomete;

of chapter 6 was constructed,
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Four aspects of the design of a torque magnetometer
by which it can be conveniently classified are:

1) The support method by which the necessary rotations
of the sample can take place (suspension fibre, leaf
springs, air bearimgs, etc). .

2) The method of detecting the position of the magnetometer
movement if electrical feed-back is eﬁployed (photocells,
inductance methods, capacitative methods, etc.).

3) The method of producing counter-torque on the sample
(field coil, passive elastic, controlled elastié, quadrant
electometer, etc). _

4) The method of reading the torque produced,by the
sample (light lever and scale, capacitative, inductive or
resistive transducers, etc.)

Table 4.1 gives the specification of sevefal magne=
tometers according to this scheme against the authors
reporting them (full references appear at the back of
this thesis). Sensitivity ranges are quoted where
available, the most sénéitive extreme corresponding
to experimental noisee. Cross~refefencgs are given to.

relevant illustrations (figures 4.2 - 4.29).

Historically the first torque magnetometer was that
of Weiss (1905) who measured the anisotropy of pyrrhotite,
The design is perhaps the simplest posSible and.i;lustrated
in figure 4.2. Sevastyanov (19@@),nﬁsing as'ﬁm_quartz
fibre, achieveﬂ sensitivities of leﬂf;?Nm using essen=-
tia}ly this method. The misofieﬁéation of a suspensiaon
.fibre, twisted so as to maintain a fixed sample alignment

in a rotating field, indicated the torque on the'sample.
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WEISS SINGLE LIGHT HAKUAL OVERALL
(1908) FIBRE LEVER TWIST GF F1BRE - 6.2
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BEARINGS ELASTICITY | QUTPUT SENSITIVE) .
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(1u55) PHOTLCELLS | FIELD 1IN CCIL .
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PHCTGCELLS |- FIELD IN CUIL g
GERGER DOUBLE LIGHT, CoIL IN RESTORING 1076 -
AND VILIM FIBRE LEVER AND [AUXILLIARY | CURRENT .| .3 4.6
(1868) PHOTGCELLS | FIELD IN COIL- :
AUBERT ~ |SINGLE FIBRE| LIGHT COIL IN RESTORING 1077 «
(1966). |AND CENTRING{LEVER AND JAUXILLIARY | CURRENT 102 4.8
' WEIGHT PHOTOCELLS | FIELD IN COIL 3 .
. HUMPHREY DOUBLE LIGHT CONDUCTOR | RESTORIKG :;u“?ﬂm _
- AND F18RE KASK AND IN | cumreny | (MOST .} 4,8
- | JuHNSTON PHOTOCELLS [AUXILLIARY IN SENSITIVE)
2 (1983) FIELD CONDUCTOR
FENGYER JEVEL LIGHT CoIL IN RESTUORING 1077 -
(1e59) AND AIR- LEVER AND | AUXILLIARY | CURRENT 10~2Nm 4.10
BEARING 'PHOTGCELLS FIELD IN COIL \
RAXIN JEWEL AND LIGHT COoIL 1IN RESTCRING | 2079 - X
(1968) MAGNETIC LEVER AND | AUXILLIARY | CURRENT 2 10™3Nm 4.l
BEARING  |PHOTDCELLS FIELD. _IN COIL o
WILLEY DOUBLE | LIGHT COIL IN RESTORING 1075 -
ET AL ~ AlR~ LEVER AND | AUXILLIARY CURRENT 103k 4.12
(1s72) BEARINGS  |PHUTOCELLS FIELD 1N COIL
ABE AND TRIPLE LIGHT COIL IN RESTORING | 1078
CHIKAZ2UMY LEAF - LEVER AND | AUXILLIARY | - CURRENT 10"2n -
(1978) SPAINGS  |PHLTCCELLS FIELD IN COIL
BRANSKY DOUBLE . LIGHT | ccIL IN RESTLRING 2 10741yn
ET AL RIBBON AND | MASK AND | AUXILLIARY CURRENT (moST 4,13
(1968) JEWEL PHOTOCELLS FIELD IN COIL SENSITIVE)

. BEARING

WESTWLUD JEWEL AND LIGHT coIL ‘IN RESTGHRIKG 5 10" %m 6,14
ET AL “PLALK MASK AKD | AUXILLIARY |  CURREAT (HUST
(1979) BEARING PHUTOCELLS | - FIELD AN CUIL  f SERSITIVE) |
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TABLE 41 cont,

DETECTIUA - 1)
. : . s CuuATER- | guaaTiTy : Ty . 16
AUTHLRS SUPPURT 1] . RERD | SEASITIVITY }' o=
= #OVEWENT URG L14.] ko,
CONDGN AND | SINGLE | A.C. D.C, CURRENT] D.C.CURRENT| 10731 - 4.18
HARCUS FIBRE * | INDUCTION. |T@ SAME CCIL| RESTORING | =7,
(1964) INTC COIL |IN A FIELD culL :
VARDERKDOY | ' DGUBLE A.C. D.C. CURRENT] D.C.CURRENT| 10 %Nm
(1988) F IBRE ‘ INDUCTION |[TO SAME COIL] RESTORING | (MOST 4.18
INTO COJL JIN A FIELD coIL SENSITIVE)
VERGE DOUBLE A.C. ho.c.cunnaur' 0.C.CURRENT| 5 107° -
ET AL JEWEL INDUCTION TG SAKE COIL RESTORING | ,n=3,. 417
(1975) BEARINGS {INTO COIL(S)|IN A FIELD coiL(s) ‘
VCIGY AND - | DOUBLE VARIABLE COIL IN ResToRING | 2077 -
F ONER FIBRE CAPACITOR | MAIN FIELDO | CURRENT 10~3¥m 4.18
(1972) IN COIL s
SATO AND SINGLE LIGHT MOTORISED | FIBRE TWIST
CHANDRASEXHAR| FIEBRE LEVER AND | TWIST OF |SCALE anD. | . = 4.18
(1857) | - PHOTOCELLS | FIBRE VICRGSCOPE
i I'4
KING SINGLE Light | ausaorant | ResTcRInG 10" N
ET AL FIERE | LEVER AKD {ELECTROMETER] VOLTAGE GF {musTY
(1984) : PHUTOCELLS _ELECTROKETER| sensiTive) | 4.20
 RZUGEBAVER | | SIRGLE LIGHT - LANUAL | FIBRE TwsT
(1853} FIERE LEVER AND | TWIST OF READ CN - 4,21
SCALE. FIBRE |LIGHT SCALE
TELESNIN STIAGLE LIGHT SANUAL - | OVERALL. 10711y,
ET AL FIBRE LEVER AND TWIST OF _ FI1BRE (mcsT 4.22
(19864) : SCALE FIBRE TWIST SENSITIVE) |
SCHELLEANG TWIN SCALE KAKUAL AS READ ON
AND RADC _ JEWEL AND " TWIST OF SCALE - 4,23
(13863) BEARINGS | KICROSCOPE FI1BRE
GENGKAGEL DCUBLE LIGHT PASSIVE |movemewnt of |- 1077 - 426
ET AL FIBRE LEVER AND | . FIBRE TRACKED 5 103 <€
(1363) PHOTOCELLS | - PHOTOCELLS n '
ALDENKAMP TRIFLE A.C. PASSIVE. INDUCED 1076 - 4.25
ET AL LERF =~ INDUCTION LEAF= A.C. 1073 -
(1960) SPRINGS INTO CCIL SPRINGS . w
BURD TRIPLE |  LIGHT PASSIVE | AS READ ON 4.25
ET AL LEAF= . LEVER AND LEAF~ SCALE - *
(1877) SPRINGS SCALE _SPRINGS | -
BIRSS AND TRIPLE . VARY ABLE PASSIVE |CAPACITANCE 4.25
SHEPHERD LEAF~ CAPACITOR | LEAF= HEASURENENT - *
(1978) SPRINGS SPRINGS
GRIESSEN | QUADRUPLE VARIABLE ‘|° PASSIVE [CAPACITANCE 4.26
(1973) LEAF=~ CAPACITOR | LEAF- MEASURENENT - .
SPRINGS | SPRINGS |-
BIRSS AND [ FIBRE AND | RESISTIVE | STRETCH uf | ReEstgTance | 3 1077 - .27
" WALLIS WIRE CRADLE| CHANGE IN CRADLE GF STRAINED) s 10™% Ve
(1883) - WIRE CRADLE | WIRES wiRES . m 3
TAJIMA AND | PHOSPHOR- | STRAIN- | DISTORTION| STRAIN~ - | 5 1079 -
CHIKAZUMI BRONZE GAUGES ON | * OF CAGE GAUGE 1072y ‘4428
.(1967) CAGE CAGE QUTPUTS " :
WARNBCK | RADIAL STRAIN- PASSIVE | STRAIN- 1075 - :
{1965) LEAF- GAUGES CN | . LEAF=- GAUGE [T T 4,22
SFRINGS LEAF~ .SPRINGS GUTPUTS
SPAINGS . ’ !

~

I



.. The torsion magnetometer with balf of the dectro- ©
magnet removed.
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The arrangement is still used in paleomagnhetic devices
(eg Stacey, 1860, and Stacey and Baner jee, 18967)
However Harrison (1955) has shown that a fibre suspension
of this kind can be unstable for low torsional constants and
large twists, in that the sum of the'anisotrqpy and torsional
energies may be a maximum at a point of torsiohal balance,
rather than a minimum., Consequently, there has been
,only limited adoption of this technique where accurate
relative torque measurements are requifed.

Two notable early magnetometers were those of Williams
(1836) and Tarasov and Bitter (1937) of which the former
is illustrated in figure 4.,3. Williams used a calibrated
phosphor=bronze torsion fibre in a version of the Weiss
magnetometer having a movement guided in jewel bearings.
The misalignment of the two pointers, at the top and
bottom of the fibre, indicated torque. The latter used
a medified commercial balance acted upon by the torque of
the sample fixed coaxially to the axis of the horizontal
bar of the balance to achieve a relatiQe totque=accuracy
of about 0.2%. The field necessarily fotatéd in a verticai
plame; a configuration never rep@rtedﬂsﬁbsequently. |

The first torque magnetometer to drive a pen
fecorder, to produce continuous tbrque'curves ahtomatically,
was that of ;iiller (1950). A shaft held between jewel.
bearings was coupled to a linear strain transducer,by'a
phosphor-bronze strip coiled once round the shaft (fige. 4.4)
Shaft motion, due to the torque om thé sample, winched the
strip so asto move the transducer. The whole was carried

.on a rétating table betmeeﬁ magngt pole pieces. A positicn
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potentiometer relayed a voltage, proportibnal to
magngtomeﬁer angle, to an X=-Y recofder fed simultaneousiy
by the transducer to produce torque cutves, A.development
of this design was,reported by Byrpes and Crawford (1857
and fige 4.5)s This type of head fell into disuse, but
automatic recording of torque curves is now almost
standard. Apart from the previous two magnetometers,
those devised after 1950 are generally still in use in
some form today. |

1955 brought the development of a torque magnetometer
featuring a fibre suspension with automatic electrical
feedback in which the torque on a sample in the main field
was counteracted by a current-carrying coil in an au*illiéry
field contrblled by electro-optical measurement of the
twist of the suspension from equilibrium (Croft et al,
1955). The coil current.required to prevent appreciable
movement of the suspension indicated torque and was
fed to a pen recorder, The suspension was oil-damped
using a circular conduit and paddles shown in figure 4.8
(minus the lower suspension fibre). A high sensitivity,
duplicate made by Boyd {1960) could detect torqbes of

Nm . A variation on these magnetometers was that
of Pearson (1956) and recent high sensitivity developments
of it (eg Jayaraman and Dutta-Roy, 1876), im which a lower

fibre tensioned the movement to impxoyé late;al stability.

‘A magnetometer of this type was usad_id the K4 analysis

of the terbium/gadolinium alloys of-dhabter 8. Gerber
and Vilim (1068) also held the movement between two fibres

with the lower fibre a carefully optimised distance down
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the movement in a frame accomodating it giving a compromise
between lateral stability and thermal isolation of the
sample at the tip. This magnetometer had all the features
of figure 4.6. Wilson et al. (1977) reported on-line torque
Analaysis from such a device (without £he oil;damping) with
the whole magnetometer driven round in a fixed field by a
stepper-motor controlled by the computer. Commercial
galvanometer coils were inevitably usedin this:kind of
design when small torques were being measured. The
magnetometer of Croft et al. wes enclosed in a vacuuwn
system and operated in conjunction with a cryostat to

allow measurements of the temperature dependence of the
anisotropy. Low temperature facilities were common there-
after,

The magnetometer of Fletcher et al. (1968) was a
simple high sensitivity device (10-8 -10"4 Nm) of the
Croft type (as in figure 4.6 minus lower suspension fibre
and oil-damping) for use up to 1000 K with a readily
interchangeable fibre allowing several sénsiti&ity ranges.
‘Larsen and Livesay (197S) described a similar aévice for
use in a pressurised: hydrogen enuiroﬁmen; up t6 about
200 atm. Interchangeable balancing coils gave a torque

=11 _ 104 Nm. An L.E.D. light source was

range of 10
used to survive the pressureé since the optical parts
weré contained within the pressure veséel._ Data was
collected and processed on-line by a computer.

Escudier (1975) reported_a doublewfibre suspension

like that of Gerber and Vilim with the interposed member

‘fixed and having a large mobile surrounding frame continuing
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down to the sample. This instrument could measure relative
torque changes of 10'5 by particularly acturaté current
measurements through the balancing coil. Cf similar

relative accuracy was the magnhetometer of Aubert, constructed
at the same institution, in which the lateral stability of

the sample was maintained by a large weighf on the fibre
suspension (fige. 4.8) and the usual photocells and balancing
coil enabled torsional feedback.

A high sensitivity magnetometer using a simple
cufrent-carrying wire in a field to create the balancing
torque, rather than a coil, ‘was reported by Humphrey and
Johnston (1963) and is illustrated in figure 4.9. The |
conducting element was fed through the gold coating on the
double quartz suspension fibres, the elément‘also forming
a mask which occluded twin photocells 'in the feedback
process,

The use of torsional feedback by a balanéing coil in
an auxilliary magnetic field was also a common feature in
torque magnetometers partially or entirely without suspension
fibres. Furthermore, as will be seen, instruﬁents appeared
in which the method of determining the movement of the
suspension in the feedback process involved entirely
electrical methods (usually inductive).

0f the magnetometers that depart from the Croft et al.
tradition in the support of the suspension, notable are those
of Penoyer (1558), Kaxim (1868), Willey et al. (1972) and
Abs and Chikazumi (1976). Penpyerlachievad sﬁpport of the
sﬁspensian using a jewel, dﬁ the undegrsurface of the
balancing coil frame, restimg on.a steel point, and

lateral stability was provided a£ the lower end by an

. 91
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air-bearing in which an air cushioﬁ isolated the
moving surfaces (fig. 4.10). iiaxim used the upper jewel
bearing design of Penoyer but used a main field with an -~
intentional inhomogeneity of a form whigh attracted the
sample to the centre of the pole-piece gap providing
lateral stability. The pole-piece faces were indented
in order to achieve this (fig. 4.11), Willey et al. |
used opposing conical air-bearings to support the sus-
pension and achieve a robust and sensitive magnetometer
(fige 4.12). Abe and Chikazumi used a triple leaf=-spring
cagein which the lower endof the vertical radial leaf-
springs were fixed in an inverted version of figure 4.25
where the weight of the movement attached to the upper
disc virtually counteracted the torsional restraint of
the springs by its tendency to cause rotationai'collapse.
The geometry of the springs comstrgined the suspension to
rotate about & single axi§ with inherent lateral stability.
' However the counter-torque was still provided mainly by
a coil rather that elastically. The Abe énd.Chik32umi;
suspended body was complex, and inQolved twin éfepper-
motors to control a Sample support-platform in'fhree
dimensions under computer control. It provided autoﬁatic.
sample orientation, without X-ray analysis, by inspection
of the torque curves. .

Two magnetometers of further note which invdlved
balancing coils in auxilliary fields were thaose of
Bransky et al. (1968) and Westwood et al.-(1370). The
former magnetometer (fig. 4.13)’utiiised a commercial

electrobalance turned through g0° with the counter torque
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coil from the original balance supported by double
suspension ribbons. The coil was jointed through a double
fork and bar arrangement to turn the rest of the movement,
which rested on a jewel bearing. The sensing of the
suspension orientation was by an eccentric mﬁgk and photo-
cells, The instrument of Westwood was essentially a low
sensitivity device for use in an undergraduate laboratory.

A jewel bearing took the suspension weight and a plain

. bearing centred the lower end (fige. 4.14), with a mask

and photocells controlling the balancing coil current.

A magnetometef using a balancing coeil in an auxil-
lary field was constructed by Condon and ilarcus (1964).
It differed from those discussed previously in that two
supplementary Helmholtz-like coils were attached to the
poles of the balancing coil magnet to induce a high fre-
guency a.ce. voltage inthe balancing coil in proportion to
its deviation with respect to the coil-pair perpéndicular.
The induced signal was fed to a phase-sensitive amplifier
which controlled a d.c, current, runnipng simultaneously
through the balancing éoil, in such a Qay as to pravide;
the necessary counter torque to fix the balancing coil at
30° to the pair. D.€. current indicated tgrque as usual.
Following the very simple method of Rhyne and icGuire (i967),
who used a balancing coil in the main field along side the
sample to counteract the'anisotropy torque, Vanderkooy
(1869) and Verge et al. (1976) produced two very simple
magnetometers adopting the Condoﬁ and iharcus position
sensing method. .

The magnetometers of Vanderkooy and Verge were both

96
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suitable for use in the bores of solenoids, with samplé
rotation occurring onan axis perpendicular to the bore.
The magnetometer of Vanderkooy is illustrated in figure
4,16, Using the solenoid field itself to create the
counter-torque, the d.c. field of the balanciné coil
stabilised the sample orientation at an angle where the
a.Ce signal induced in the balancing coil from the static
< coil pair was minimised at tﬁe input of the,bhése sensitive
amplifier supplying the de.c. current. The necessary

adaptation to the Condon and farcus method was to add an

artificial signal to the a.c. output bf the balancing coil
so that the phase sensitive amplifier minimised the sum -of
the signals to produce an equiliﬁrium balancing coil position
deviating from 90° to the static pair by an amount depending
on the phase and amplitude of the added signal. Yanderkooy
found the £ 60° movement of balancing coil and sample wefe
practical with the constraints of the coil leads and the
diminishing efficiency of the balancing ceil as it |
approached paréllelism with the solenoid_fielq..Verge et
al. improved the magnetometer of Vanderkooy by introducing
two balancing coils, set at 90° (fig. 4.17), and summing
the a.c. outputs so as to produce a postional signal of
changing phase rather than amplitude (c.f. the synchra -
resolver in machine servo systems). Direct current was
fed to the two coils in such a proportion as to produce a
positldnal stability of constant compliance with respect
to sample orientation. Verge achieved é-t 100° rotation.
Voigt and Foner (1972) have repofted a magnetometer

suitable for use in a solenoid, in which a balancing coil
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like that of Vanderkooy was rotated physically in a small
cage by a worm gear with the coil currant.cuntrﬁlled S0 as
to stabilise the capacitance between a semicircular plate
on the coil and a semicircular plate on the cage (fig. 4.18).
In the category of magnetometers of the type suited to
a normal iron-yoke‘ electromagnet and using a fibre sus-
pension, was the magnetometer of Sato and.Chandrasekhar
(1857) who achieved torsional feedback using a motor driven
support which twisted the top of the suspension fibre so as
to.caunteract the torque (fige. 4.18). Barron and Hoffman
(1970) reported a similar instrument with the motor drive
passing through magnetic linkages into a high vacuum enclo-
sure around the magnetometer.
Again, of those magnetometers suited to the normal
‘iron-yoke electromagnet and using fibre suspensions,
were three notable high sensitivity torque magnetohetars.
using the restoring force of a quadrant electometer. A
general paper on the use of quadrant electometers to measure
small torsional movements is given by &e Boer et-al. (1880).
King et al. (1964) produced an instrument with.qleqtro-qptical
position sensing to establish feedback through the electometer
potential (fig. 4.20), and two similar in;truﬁents were
devised subsequently; Dey (1872) and Gradmann et al.
(1876). These instruments were suited to anisotropy measur-
ments on thin films and have a sensitivity greater than those
of the coil feedback magnetometers, that is typically
10731 wm, . '
Three magnetometers have been aéyised;fqr specialised

work on thin films, deposited on a substrate within the
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magnetometer in high vacuum, using the simple Weiss fibre.
In the design of Neugebauer (195% and fige. 4.21) the substrate
was lifted, by a pulley operated by magnets external to the
vacuum system, into the main field after deposition of the
filme The devicesof Graham and Lommel (1962) and Telesnin
(1964) deposited the film with the substrate in situ.
The benefit of the fibre was that it could be conveniently
twisted by the magnetic linkages (Neugebauer, Gr#ham and
Lommel) or by a shaft rotating im an 'O'=ring seal (Telesnin
and fige 4.22) to produce a simple magnetometer having very
few parts within the (high) vacuum system,

An adaptation of the simplé manually twisted fibre
design for use in the bore of a solenoid mas'that'of
Schelleng and Rada (1968) in which the sample was supported
transversely on a shaft, held between jewel bearings in.the
solenoid bore, driven by a cotton thread around a coaxial

pulley. A similar pulley, supported on jewel bearings atuove

the solenoid, tensioned the thread and was acted upon by a
-phosphor-braﬁze fibre.‘ A micrometer read the misalignment
between the ends of the fibre to yiéld torque (fig. 5.23).
Gengnagel et al. (1863) reported a magnetometer in:
which two thick fibres were used to support the magnetometer
movement without electrical feedback ta the suspension,
An automated output was provided by tapping the control
voltage of a servo motﬁr which moved twin phbtocells on
rails trensversely to a light lever reflected from a mirror
on the suspension, The torsién fibre was interchangeable,
providing different sensitivitiesgvamd-fhe instrument had

the usual vacuum jacket and heating facilities. The magnetoneter
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of Gengnagel was of a type in which the torsional feedback
was purely elastic with no adjustment, either manual or .
automatic, of the restoring system to minimise sample
movement. It had a very rigid head on which were made
positional measurements of high angular sensitivity, and

in this respect was akin teo the generation of magnetometers
classically illustrated by that of Aldenkamp et al.

In 1960 Aldenkanmp et al. described a magnetometer
having three symmetrically disposed leaf=-springs (fig. 4.25)
suspending the sample with good lateral stability and the
necessary susceptibility to twist. They uséd an inductive
linear displacement transducer, eccentrically placed fram
the axis of the magnetometer with components attached
appropriately to the upper and lower discs, to establish
a changing signal with respect to rotation of the suspension.
The magnetometer of chapter 6 (Faige and Tanner, 1982) is
similar to this, but for a directly angularly sensitive
coaxial transducer (fig. B. 1). The Aldenkamp et al,
magnetometer was essentially frictionless and revolved as
a whole in a stationary magnetic fieldl.

The triple leaf-spring configuration of figure a.és
has been used in conjunction with capacitative displacement
measurement (Alberts and Alberts, 1871, Birss and Shepherd
1978) and with a simple optical iever and scale {Burd et
al, 1977). The design of Birss and Shepherd involved tuwo
capacitor plates secured so as to face eachAother on the
perimeter of the suspension down the line of relative
movement between their individual supbort posts attached

seperately to the two discs. The whole was in miniature.
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and was contained within the cryostat region inside the .
main field. |

A magnetometer like that of Birss and Shepherd, using
a different leaf-spring configuration, was that of Griessen
(1973). Sample torques were detected by capacitance measur-
ment using opposing plates, as illustrated in'figure 4,26,
on a movement with different geametry but similar constraints
to that of the leaf-spring arrangement of Aldenkamp gt alf

A particularly innovative magnetometer was reported by

Birss and Wallis (1963) again having passive elastic restraint,
in this case produced by a wire cradle (fng 4.27)e Tuwo |
further papers indicating developments aof if followed; by

Birss and Wallis (13865) and Birss and Hegarty (1967). A

fibre provided some support of the sample to keep it on the
magnetometer axis. The ingenuity lay firstly in the use

of the cradle wires as strain-gauge elements, and secondly

in using a configuration which gave the associated electrical
bridge natural immunity to magnetoresistive, tranglatidnal

and thermal changes in the wires. The torque on the inner

two pegs (fige 4427) caused oneof the two mires,.strung in

'Z’ configuration from twe outer diagohally-wpposing fixed .
pegs, to relax, and the other, strung from a different pair
of fixed diagonally opposing pegs, to stretch. Opposite
torques had the opposite effect oh each nichrome wire in
the miniature assembly. The out-éf—balance vqliage signal,

created by the changing resistance of the wires due to strain
gave the torgue magnitude and sense. The voltage changes

were monitored using a Wheatstone bridge.
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Another magnetometer arrangement having passive elasfic
restraint was reported by Tajime and Chikazumi (1867) and
seemingly independently by Kuntsevich and‘Palekhin (1973),
and is shown in figure 4.28., A torsion cage was constructed
from a thin-walled slotted, phosphore bronze tube, and
movement was detected by two crossed paper strain-gauges
on the surface. The strain-gauges were included in a bridge
circuit sensitive to torsion on the cage but insensitive to
deflection. The cage did not have the same preferential
tendency to tuist as that of Aldenkamp et al., and was
appropriate for the measurement of large torgques.

Another strain-gauge arrangement was that of Warnock
(1975) shown in figure 4,.28. Four‘radial nylon leaf-springs
converging from a circular rim to a hub carrying the sample
were monitored by two strain-gauges on mppasihg 'spokes'!
while the whole was rotated in a solenoid bore. The device

suihed o
was particularly ~ A~ high anisotropy materials.

Finally, chabter 6 describes a computerised magnetometer
based on the Aldenkamp et ale. design featuring reacily avail=-
able off-the-shelf electronics and comprehensive on-line
data correction to account for non-ideal magnetdmeter
behavicur (eg non=linearity in the electrical position
monitoring, time-constant effects in the electronics etc.)e
The device achieves a high absolute accuracy in torque

measurements,

4eb4o Suggested glternative designs

Reviewing the literature, it is evident that torque

measurements are carried out in several analysis technigues,

110



1

and in particular industrial research has gone into devices
which measure torque. In this category is a torque meter
devised for general use by Fulinski and Grotowski (1577).
Suggested applications were the measurement of torques
created by moving=ceoil meters, the calibration of small
rotationakx springs, the measurement of static or dynamic
friction in small bearin@s and the measuremantof the drive
torques in fractional horesepower motors. A working version

8 to

produced by them had a sensitivity range of about 10~
1073 Nm (lower limit corresponding to noise vélue). The

design was very similar to several of the tafque magnetometers
described previously in that a movement, retained in this case
between jewel bearings, was held in check by a balancing coil
between the pole-pieces af a small magnet. The method of
determining the deviation from the null position was, however,
unusual in that a fieissener generator was used. This device
consisted of an oscillator featuring two coils in a position

of strong flux linkage with a small air-gap between them

(see fig. 4.30). The oscillations were sustained by positive
feedback relying, at one stage, on the mutual in&uctance
between the two coils. An alﬁminium'flad, attached to a

levef on the movement, swung into the air-gap, reducing the
oscillation amplitude Ey an amount depending on the penetration
of the flag into the gape. An amplifier with a dec. output,
offset to zero for a standard detected signal from the
oscillator, fed the balancing coil so as to drive the flag

to a point limiting the Meissener oscillations to the

standard amplitude and thereby establiéhing a torsional

feedback in the meter movement. Clearly a torque magnetometer
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The .rlnlpi- of operatien of an auiematle torque meter uied to et elestric-
. Ity meteis ond electiic power meters. -

re \

The moving.-
coll finat control maechanism 1 generol.
ing a compensating torque to-counter-
act the torque being tested, is. fed
from the "control" system of the Maiss-

- ner generator 6 via amplifier 7. The

- . shaft of the moving element mounts
FI g 4'30 aon aluminium flog (screen) 4 that mov-
es. in the air gop between hte coils §

of the feedbock circuit of the Meissner
generotor 6. The pointer of the mova-
ble element 3 tarminates in o. fork, the
former engoging the pointer of the in.

strument being tested during the meos-
urement.

THE TURQUE METER OF FULINSKI AND GROTUWSKI

THE USE OF A MEISSENER GENERATOR TO SENSE THE -
POSITION UF THE METER MOVEMENT COULD CLEARLY BE ADUOPTED
IN THE DESIGN OF A TORQUE MAGNETOMETER,
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could be buiit with this method of stabilisation., An
advantage would be the simplicity of the electronics.

Techniques obviously exist in industry for measuring
torques produced by machimery, but these are usually heavy
duty devices and irrelevant to torque magnetometry.

Taking the scientific literature, many experiments
have been reported in which torsion balances are used.
The gravitational experiements of Cavendish or EBtvHs are
examples, In particular, static measurements of very small
torsional movemenfs are carried out in the EBtvH8s experiment,
and photoelectric autocollimators haQe measured the angular
deflection of mirrors to aboutlo-sradians (Hakner, 1869).
However, Kantor et al. (1872) describe a method of |
determining the deflection to a sensitivity of lD_g radians;
by using the mirror to project an image of a laser-illuminated
pin=hole to a pair of remote twin photocells. For a 100 am
quartz fibre suspension of lemgth 10 cm, torques of 10-15
Nm would be detected, but such extreme sensitivity is
seldom required in terque magnetometry..

akheyen and Gogolev (1972) have described a method
of measuring torsional angles using twin reflecting
diffraction gratings of which one is attached to the movement.
It is a Qaluable fechnique when the view of the moving sus-
pension is so restricted that information on a limited angular
change must be conveyed, not by a simple optical lever, but by
the frequency of the emerging light. Applications to torque
magnetometry are not obvious, nor is the similar technique
involving the extinction of'apprmpriétely polarised light

reflected from a tilting surface on a moving body.
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It has come to the attention of the author that the
cross-coil transducer of the magnetometer reported in
chapter 6 bears a resemblance to the intermal windings
of a certain servo transducer, called a magslip, manufactﬁred
in this country by luirhead and Co. Ltd. The standard
ttransmitter! magslip consists of a stator, similar to that
of a three-phase induction motor, energised by three

in-phase or in-antiphase supply voltages producing a

non-rotaeting alternating field across a single-coil armature.
The function of the magslip as a servo elemant will not be
described here, but there exists a null~-cricntation for the
armature at which no voitage is induced. In this situation
the magslips functions in the same way as the transcucer of
chapter 6. Modification of the magslip to leaf-spring support,
rather than plain bearings, wou;d be easy, yielding a device
with a high voltage output for a given deflé¢tion of the
ready-made, very accurate coil-system, Furthermoré, fine

ad justment of the.angle of the primary field would be possible
by a change in the amplitude ratio of the three primary coil
voltages using a potentiometer, elimineting the phase-shift
network (see chapter 6, section 6) which would otherwise

be required to offset the induced a.c. signal to produce.

a quiescent equilibrium output, The construction of a
torque magnetometer around such a device seems therefore

te be an interesting possibility.



CHAPTER FIVE

A NEW METHOD OF AUTOMATING
CZOCHRALSKI CRYSTAL GROWTH

S,1 Introduction

This chapter describes the early development of a system
for automating Czochralski crygtal growths The innovation
lies chiefly in the measurement of the viscous torque on
the growing crystal as it is rotated in the‘melt_to determine
the size of the crystal. The crystal diameter is stabilised
by control of the wmelt temperature. Float-zone growth has
been monitored by a viscous torque method by Quenisset et al,
(1980) 'but the Czochralski technigque has never been treated
in this way.

Only one particular design for accomplishing control
' has been looked into in the present work. It is a design
incorporating a suspension fibre which carries the crystal,
whereby torque is derived from twist in the fibre (fig. 5.1).
Mirrors at the top end bottom of the fibre rgflect light
signals to a light switch as the whole suspansion rotates,
the intervel between pulses indicating torque. The simple
on/off pulses created by the light-switcﬁ trigger the
timing part of a logic circuit which subsequently controls
the crystal grower R.F. furnace via a potentiometer driven
by a stepper-motor. The attraction of this design lay in
its simplicity. )

An alternative system would be that of measuring the

torque created by the crystai on the crucible using a torsion
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head like that of the torque magnetometer of chapter 8.

The arrangement could be as shown in figure 5.2 with a leng

rod allowing isolation of the pick=up coil, connected through
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SUGGESTION FOR ALTERNATIVE TDRSIONM. MEASUREMENT METHOD

IN CZOCHRALSKI AUTOMATIO
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the rod to the crucible, from the R.F. heater fiqld.'
Nicrocémpyter CDnt£ol of the potentiometer stepper-motor
using available hardware for the Minicam interface (see page
191 ) would be feirly straight forwarde  However commercial
interest had been shouwn in a fairly inexpensive method of
control seo the former design was selected having a cheaper
custom built "hard" controller.
The growth caontrol was accomplished by changing the

' melt temperature; the alternative of changing the crystal
pull-rate did not have as significant an effect on the crystal
diameter, Furthermore the R.,F. furnace power controller had
a facility for attaching a remote potentiometer so a stepper-
motor controlled potentiometer could therefore readily be

attached in such a way as to change the melt temperature.

It was anticipated, and indeed proved to be the case,
that a given torque value would fail to define a particular
diemeter of crystal at growth equilibrium without some
knowledge of .the combination of pull-ra@e and melt temperature
.creating the torque. Torqus, as expec'te'd,.was found to be a
function of diameter, temperature and pull=-rate. However
the three variesbles are gt growth equilibrium functionally
inter-related and therefore either of the latter two could
in principle be elim?nateﬁ. Therefore at equilibrium for
torque to depend simply on diameter, a remaining variable,
either pull-rate Br temperature, must be fixed. The control
process is therefore necessarily simple in that only one
parameter can be adjusted, and it was decided that the. parameter
liable to drift in a way that would most affect the Frystal

would be changed and the other assumed to be.stable and left
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untouched, Therefore temperature adjustment was again .
indicated.

In using viscous torque control it is assumed that fer
stable growth conditions, that is when for the prevailing
oqﬁditions of fixed pull-rate and melt teﬁperature the growing
crystal has reached an equilibrium diameter, the torque so
required to rotate the crystal in the melt (et a fixed rate)
monatonically increases with respect to crystal size.
Additiomally it is assumed that any physicel change im the
melt as its temperature is changed in order to affect the
diameter of the crystal, particularly viscosity and surface
tension effects, do not, prior to re-establ;shing a stable
diameter, cause the torque to change in the opposite sense
to the change which would occur ultimately a£ the new
equilibrium, Since crystal diameter ﬁecraases with repect
to melt” temperature during - > Czochralski growth, the
above conditions are fulfilled for most materials, the
réquiremant being_that viscosity and surface tension decrease
monatonically with respect to temperature over the relevant
tqmperature range. The complex flows established in the
melt due to convective and magnetohydrodynamic stirring dhange
with temperature but were found in retrospeét, for the
present egquipment and materials, not to interfere with this
well-behaved relationship between crystal diameter and torque.
' The use of a graphite susceptor to heat the copper crystals
grown here reduced the magnetohydrodynamic.stirring

considerablye.



Se2 Advantages of viscous torque control

52,1 Of viscous torque control in general

Perhaps the most important advantgge,.which was not
fully appreciated until after tas@ing-the equipment and which
is inherent to the method of viscous torque control, is that
tﬁe torque on the crystal is very sensitive to to the
conditions of the meniscus region:around the growing interface
and changes drastically depending on the height of the solid/
liquid interface above the melt surface, that is the torque
depends on the size of the small liquid column between the
crystal and the melt surface retained by surface tension
(see fige 5435). The dependence is intuitively obvious, the
the magnitude of the effect is not, as is detailed later.
Sensitivity to the state of the meniscus marks out viscous
tarqué control as superior to some other methods, for instance
the imaging techniques mentioned in chapter 3, section 3.3.2
and. 3,33 , in that changes in crystal diameter can be

anticipated. For example if crystal torque is monitored

during an increment in the melt temperature during growth,
the melting back of the crystal along its length would be
detected almost immediately, as a reﬁuction in the torque,
before narrowing of the crystal had begun. Corrective
measures cauld then be implemented before sigﬁificant change

in the crystal diameter had occurred.

5.2.2 Of the present design for achieving it

Viscous torque control is in principle simple, as is the

present equipment., The fact that there are no electrical
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components yithin the vacuum gystam eliminates lead-thréuéhs.
The essential elements of the internal mechanism are tuwo
mirrors and a fibre.

Related to simplicity is the fact that the cost of
automation was low, that is of the order aof £200 for
components.

An indirect advantage of the present crystal suspension
is that the thermal gradients at the growing interface are
reduced due to the thermal insuletion of the crystal by the
fibre. The reduced temperature gfadients reduce the number
of dislocations formed during growth to produce more perfect

crystals (Zasimchuk et al,, 1978 ).

5.3 Disadvantages of viscous torgue control

Se3.1 Of viscous torque control in general

A disadvantage of the method of viscous torque control
is that torques on the crystal are smail, and accurate
measurement of them by a mechanism robust enough to support
" the crystal (or crucible if the noynter-tofqué is measured) |
is difficult, It might be possible un&er carfain circumstances
" to float a thin layar of viscous’fluiﬁ ;h'the melt surfaca
to increase the torque on the crystal to prpduce a diameter
sensitive (but not meniscus sensitive) torque reading of
more manageable size (c.f. ligquid encapsulation methods for
Czochralski growth devised by Metz et al., 1862 ) but generally
the problem of measuring very sméll torques rgmains. A
" preliminmary experiment whereby the end of a Tight 12 mm
cylinder was rotated concentrically in contact with a Qater

surface at 20°C (viscosity = 1,005 centipoise) st 50 RPil
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(water 3 cm deep in a beaker 8 cm diameter concentric with
the cyiinder) gave a torque of axln-e Nme Faster rotation
rates would promote torque but be unsuitable for quality
Czochralski growth, The viscosity of copper is about

5 centipoise at its melting point so the expécted torques

7Nim .

for copper crystals up tol1l2'mm diameter were at most 2x10~
Another disadvantage is that the viscous torque on a
crystal is dependent on the level of the melt during the
pulling process since as the melt level lowers, the shearing
of the fluid increases. However most of the fluid shearing
occurs locally at the growth interface and therefore the
torque is not significantly changed by remote changes in the
fluid boundaries and is thus not critically dependent on
melt dépth. Furthermore attempts can be made to use éiucib;as
of sufficient size, or even automatically replenished crucibles,'

such fhat the melt dimensions do not alter notably during

growth,

5¢3.2 Of the present deéign for achieving it

One disadvantage of using a suspension fibre is that
in the simplest arrangement where all the crystal uweight is
carried by the fibre without a secondary support bearing
(one of these was uItimaiely employed) strength and torsional
sensitivity tend to be exclusive. If it is assumed that the
torque on the crystal is proportional to its cross-sectional
area and that the strength of the fibre and its torsional
rigidity per unit length are proportional to the fibre cross-
sectional area and that a given angular deflect;on is required
for successfull torque measurement, it can be shown that, for

a specific set of fibre and crystal materials, the length of
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fibre required to monitor the torgque is proportional to'the
maximum length of crystal to be pulled. Furthermore for a
10° torsional deflection the proportionality might be about
one metre of fibre per centimetre of crystal; wherein lies
the disadvantage since commerciélly grown crystals-might
therefore require a 10 to 100 metre fibre suspension.
Consequently, inthe very simple form outlined in the
introduction, the automatic control device is only suitable
for growing small crystals, Infact a jewel support bearing
was added even in the present version of the d@uice,dﬁg;to

repeated breakage of the fibre,

5.4 Mechanical details of the automatic puller

S5e4s1l The unmodified puller

The pnmodified head of the  present commercial
Czochralski puller is shown in simplifieh form in figure 5.3,
fhe machine used as the basis for the modification was a
Metals Research BCG 365 crystal puller.

The essential requirements of lifting and rotating were
performed by the puller head using two independent motors.
The pulling distance was about 12 cm covered at rates of up to
1 wmper minute, The rate of the pull motor. was uniform enough
for.the present work (stable to within about 5 %) but the
rotating motor was replaced (see section 5.4.3). The flangé
on the bottom of the head formed the upper wall of a vacuum
. system surrounding the furnace, the rotating part of the
puller penetrating the flange through a double "0"-ring seal.

The furnace part of the crystal puller was essentially '

a vertical double-~walled vacuum system with the inter=spacing
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forming a conduit for cooling water (see fig. 5.4). AR inner
wall of quartz and outer wall of pyrex ensured good visibility
of the central crucible.  Since an inert gas atmosphere was
not used, rotary and diffusion pumps in tandem provided the
vacuum necessary to prevent melt oxidatibn during growth,

The crucible was heated using a 25 KW Stanelco Thermatron

radio frequency furnace operating at 480 KHz.

Se4.2 Growth conditions

The automatic control device.was developed by growing
copper crystals in vacuum in a graphite susceptorA(tm reduce
magnetohydrodynamic stirring). An inert gas atmosphere was
not used incase of convective disturbance to the crystal
suspension. The crucible was approxihately'Z.S cm in diameter
and 3 cm deep and almost full when crystal pulling begane
Crystals in excess of 1 cm in diameter were grown for less
than the full 10 cm distance due to the appreciable loss of
melt that full growth would incur. Melt loss could have
detramental effects on the automation by altering crystal
torque and also by changing the thermal response of the melt

and hence the feedback process.

Se4e3 The mechanical components of the control device

A detailed diagram of the modified Czochralski head is
given in figure 5.5 and a cross-section is given in figure
5.6 The cumponenté were as follouws:

1) The suspension fibre:

As originally envisaged the fibre was to have supported

the weight of the crystal aswell as provide the drive torque.

The physical requirements for these two roles were however
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competitive and its dual function was eventually rejected;

a jewel bearing was incorporated to take the crystal weight,
Metal fibres were found to be too liable to rotational creep,
even under the small torques applied. For a 44 SWG copper
wvire a rotation of 30° per hour was observed at a temperature
varying between 200°C and 30°C along a 50 cm length under

7 Nm, this hourly rotation being

‘torques of approximately 107
typical of the legitimate torsional rotation created by a
crystale. HMetal fibres were also inconvenient because they
formed, if not properly insulated from the body of the puller,
an electrical earth route for the melt. The earthing currents

were produced by R.F. induction and large enocugh to instantly

fuse the wires, Borosilicate glass fibre was used as a simple

alternative and the creep was reduced to a satisfactory level,
The borosilicate fibre was 49 cm long of thickness between
'Bﬂ‘and 100 wm having a torsienal constant of about 1.5-’tll;"£"'7
Nm per radian, | |
Attachment of the fibre was with Araldite at its upper
point and with a pin-chuck to the lﬁwer suspension. In order
to prevent the pin-chuck from breaking the fibre, a jacket
of Araldite was applied to about 1 cm of its length at the
lowest point. The maximum possible length of fibre was
encorporafed into the head, the central stem being replaced
by - tubing in order to achieve this, the sensitivity of
the suspénsion to torque being thereby promoted.
Manual adjustment of the fibre and heﬁce the equilibrium
orientation of the suspension could be made externally when

the puller was under vacuum by the mechanism illustrated in

detail in figure 5.7
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DETAILS OF UPPER PART OF AUTOMATIC CRYSTAL PULLER

Fig 5-7 SLOT=AND-PIN
DRIVE
RUBBER
| GRUMMETS
DRIVE SHAFT (ANTI-VIBRATION)
& 9
@

PART A — < &

KNURLED SURFACES

GRUB SCREW - ¥ TO FACILITATE
—~ ////////MANUAL ADJUSTMENT

PART B ™~ | o

> ____"QYRING
: SEALS

‘A CAN BE ROTATED
IN ‘B* AND LOCKED
ALTERING THE
ORIENTATION OF

THE FIBRE (AND
REST POSITION OF
ASSOCIATED MIRROR)
WITH RESPECT TO -
' {?Extgwﬁﬁ 2§ﬁ§$¥UN THREADED RAISIgﬁ{#?WERINE

TO B)
AN

SUSPENSION FIBRE

2) The intermeshing frames:

The two intermeshing frames (fige. 5.8) had several
purposes, The upper frame supported the mirror and was fixed
with respect to the crystal. The upper frame and mirror werse
free to rotate on the jéwel bearing under fhe restoring force

of the suspension fibre. The interleaving of the upper frame
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CRYSTAL SEED

DETAILS OF LOWER SUSPENSION OF AUTOMATIC CRYSTAL PULLER
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uifh the lower frame prevented excessive twisting of

the fibre. The upper frame was shaped so as to produce
maximum thermal isolation of the mirror from the heat
conducted up the suspension from the crystal. The lower
frame, fixed with respect to the motor drive, carried the
remaining mirror which was thermally isolated by the cooling
effect of the brass surround, At‘points on the frames likely
to clash together, Araldite was applied as insulation to
prevent the arcing of earth currents. The shape of the
frames prevented alignment of the mirrors with each other,
making superposition of the reflected light signals impossible,

as was necessary to the operation of the circuitry.

The upper frame provided a useful point to attach the
Jewel bearing, which was electrically insulated by securing
it with Araldite thereby preventing accidental earthing
from the pin to the bress jewel holder. At the bottom
of the upper frame was another bearing, operative only if
the torques on the crystal exceeded significantly those
encountered in typical'growth. The latter bearing prevented
the mechanism being damaged if the melt froze while the
crystal was immersed,

The lodar frame and mirror were positioned close to thé
lower part of the upper frame to resist any small upuard
thrusts which would unhitch the Jeﬁel bearing.

"3) mirrors: '

The mirrors (fig 5.8) were made from %" aluminium
rode They were crudely formed on a lathe then polished
with Dialap 6 smpolish. Their focal length was approximately
4 cme The mirrors fulfilled the requirement that more light-
was reflected by them from the lamp to the detector than
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any other revolving surface. The mirrors could be
tilted and secured with single screws so as to enable
light from the lamp to reach the detector via either
mirror as the whole mechanism rotated. |
4) Matt-black surround and attachments:

The matt-black surround (fig 5.8) reduced stray
light on the detector. The blacking was achieved using
a normal commercial paint outgassed for one week. The
surround provided protection to the suspension}and support
for four related attachments; the condensation shield, the
support-pin, the lower frame and the centrable guide hole.

The circular condensation shield prevented material
from the melt condensing on the quartz inner tube in the
signalling region. A 5 mm tolerance was left between the
shield and tube to prevent contact, little condensation
filtering throughe A full complement of reflected light
was always, in this way, available to the photosuitcﬁ.

‘The vertical section of the support-pin carried
a hardened steel point resting in the jewel bearing.
The horizontal part of the support-pin was made of threaded
brass, two nuts clamping it to the wall of the matt=black
surround. The shape and method of attachment of the pin
allowed flexibility of the position of the tip in two
directions, given that limited tilting was permissible.
Ad justment of the pin position allowed it to be accurately
centred on the rotation axis to minimise swaying of the
suspension as it revolved.

The centrable guide hole constrained the suspension

to afford limited protection againét sideways forces.
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The hole was insulated around its perimeter with Araldite
to prevent arcing of earth currents,th@uéhit did not
ordinarily come into contact with any part of the suspension.
The 6 mm hole could be aligned with the rotation axis by
moving the small steel plate secured through a slot by ons
screw, A 1 mm tungsten wire (fig 5.8) on the suspension
ensured against fusing in the event of electrical contact
- with the guide hole should the insulation have worn.
Precautions had to be taken to make sure that the head
of the crystal puller was vertical so that the suspension

did not rub on the guide hole and, equally as important,

that the tungsten support wire, the jeswel bearing and the
centre of gravity of suspended mass were sufficiently
collinear to avoid rubbing of the tungsten wire in the hole.
5) The brass spscer:

\ In order to accommodate the lengthened part of the
puller head (between the crystal and the top of the vacuum
system), a tubular brass spacer approximately 16 cm long was
inserted,. flanged enﬁs were suitable for mating with the
existing surfaces of the head and furnace unit,

6) The motor drive:

The original motor for rotating the crystal in the
melt was replaced by a squirrel-cage motor since a stable
revolution rate was essential for stability im the viscous
torques generated. D;ift in the revolution rate was of the
order of 1% during use.

The rotation of the motor was transferred via @
reduction gearbox to the crystal pullerrto give a final

drive of 50 RPM, The drive was transmitted through a
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mechanism which produced a well defined non-uniform
rotation over each each revblutioﬁ, giving an angular

velocity with a sinusoidal component (see fig 5.9).

[

PRINCIPLE OF THE ECCENTRIC MOTOR DRIVE
AND ITS EFFECT ON THE MOVEMENT OF THE SUSPENSION

——
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This procedure was introduced so that the fotational
rocking of the support-pin, within the rotating frame
of reference of the motor drive, prevented sticking of
the jeuel bearing due to static friction} the actual
susﬁension and jewel having too great an inertia and too
tenuous a coupling with the drive to follow the rocking:
action. Hence the jswel bearing'was operated in a cbn-
tinuous state of slip giving sufficient' mobility for the
_ crystal torques to . act consistently on the suspension
fibre.

One important detail about the usé of the rocking
bearing was that care had to be taken so that the suspension
deflection was sampled at an appropriate phase in the

execution of the rocking action. The crystal, observed in
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a 50 RPM rotating frame, was, in practice, forced into
élslight rotational rock by the pin with an amplitude
dependent on the mass of the crystal, hence invalidating
the assumption that the crystal itself m;intained continuous
or at least reproducible rotation. The best solution was
to make sure that the light from the suspension mirror,
for a position of approximate torsional equilibrium during
ogrowth, was reflected when the support pin was at a position
of maximum or minimum velocity, this corresponding in a

- very simple picture, where static friction only is considered,

to the point in time when the forced rocking of the crystal

was at zero displacement. Thus the configuration of the
eccentric drive mechanism and detector was as indicated in

figure 5,10,

DIAGRAM OF THE RELATIONSHIP NECESSARY

THE POSITION O
LIGH CTOl

Filg 5'1 0

- - The detector must be positioned
DRIVEN gg;%%}g: s0 as to collect light from the
SHAFT suspension mirror at the point

of maximum (or minimum) velocity
of the main drive (see text). -

END -
VIEW
Driven shaft carries suspension

mirror following at an arbitrary
but fairly constant angle for a

MOTOR given crystal torque.

MOVEMENT SUSPENSION
: MIRROR

e — . — ———. ——— ———

Static tests whereby the drive mechanism was rocked in

the lab frame with an amplitude compa;abla to that
~ experienced during normal rumning, that is about 20°,
and frequency of 50 cycles per minute, showed that the

forced rocking of a typical c:ystal on the fibre support
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had an amplitude of only two or three degrees. Assuming

8 Nm ) as being

a 30° twist on the suspension fibre ( 710
typical and a rocking of the crystal of 3° amplitude observed
by pfoper detector positioning as a 1i° error in the crystal
angle, and taking into account the fact that the forced
rocking is counteracted to some extent by viscous damping
from the melt, the typical relative error in the torque is
<5% due to this effect.

The motor drive and gear box were vibrationally
insulated from the crystal puller in a limited way by rubber
grummet supports to reduce disturbance to the melt during
growth of the crystals (see fig.5.7).

7) The lamp and detector:

The lamp was a single unco;;imated 24 watt, 12 V bulb
having a vertical filament. The filament produced vertical
reflected strips of light in the image plane producing, as
they were swung horizontally over the detector, a sharp
signale The elongation of the reflection allowed a con-
venient tolerance in the vertical position of the detector
~and lamp, which_yere adjustable as illustrated in figure
5.11 on two independent slides and, in the case of the
.detector, on two ball and socket articulations,

The detector was a single-strand polymer fibre-optic
cable of 1 mm optical diameter carrying light to a
TTL-compatible photoswitch in the main control box (see
section on electrical details). The fibr?-optic cable
was necessary because R.F. :I.n'terference.'- disturbed - the
photoswitch if placed near the furnace. The ‘method of
attachment of the fibre to tha-detéctor in the control box
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MILD STEEL TRACKING ARM
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(RAISES LAMP AND DETECTOR 20 w
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FIBRE=
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CABLE TO PHOTOSWITCH
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is shown in figure 5.12,

The lamp and detector, mounted externally to the
vacuum system, were tracked vertically in sympathy with
the internal components of the crystal puller by a rod
attached to the threaded raising shaft and running in a
sliding bearing (fig 5.5 and 5.6).

8) The stepper-motor and potentiometer

The stepper-motor for adjusting the R.F. furnace

power was geared to al00.n linear potentiometer with a

reduction ratio of 120:1

POTENTIOMETER
ACCESSIBLE
GRUB=SCREW
(TC ENGAGE
STEPPER=
TO REMAINING | MOTOR
GEAR TRAIN AND § DRIVE)
STEPPER-MOTOR “\\\\\\\
FRONT CONSOLE KNOB FOR
OF CONTROL BOX MANUAL
ADJUSTHMENT
OF

POTENTIOMETER
(WHEN GRUB=-
SCREW 15
SLACK )

THE POWER CONTROL POTENTIOMETER

AS HOUSED IN THE CONTROL BOX 'fZig 513
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The normal running speed of the stepper-motor was about

g0 RPM giving a resistance slew-rate of about 1.5 )/second.
As set up during the growth of copper, the full range of the
resistance would change the melt temperature by aﬁaut 100°C
in an interval that covered the melting point, giving the
temperature required for stable growth over a wide range of
crystal diameters, Manual adjustment of the potantioﬁeter
could be achieved by slackening the locking screw, securing
the final tubular drive of the gear train to the potentio-
meter spindle, and retightening after movement of the spindle
(see fig 5.13)s The whole assembly was housed with the
logic circuitry in a control box with only the potentiometer

dial and locking screw accessible.

5«5 Electrical details of the automatic puller

S5¢5+1e Introduction

The circuitry for the control device (excluding the

R.F. regulation circuit operated by the power potentiometer)
had to perform the following functions:

1) Determine the time delay between pairs of light pulses
arriving from the crystal suspension

2) Draw a comparison between the observed delay and
a datum, representing the delay consistent with the desirad
growth conditions, and create an error signal.

3) Use the error signal to control the stépperwmotor
so as to turn it by an amount and in a,diraptimn which
would drive the furnace power and subsequently the growth
process toward the desired equilibrium,

A grossly simplified schematic diagram of the circuit

140
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used is shown in figure 5.l4, The circuit works in two
stages : In the first, the light=-pulse pair is cohverted

to a single pulse by a bistable which triggers, for the
duration of that pulse, a signal generator, the pulse

chain being fed into a counter stacke In the second stage
the stack’ is counted down by a reference pulse-chain. Extra
pulses required to restore the counter to zero'indicate the
error, the up/down count control during restoration indi=-
cating the error sign. The error pulse is fed, during the
zeroing of the counter, to the stepper-motor to produce

the required control of the furnace. Once the motor action
is complete, the circuit returns to the light detection mode
to re=cycle,

A more detailed schematic version of the circuit

appears in figure 5.15. Additional detsils include;

1) a means of suppressing the bistable output for a
period proportional to the relaxed misalignment.of the
mirrors to allow an offset in the torque signal so that
zero signel can represent zero torque;

2) an independent digital counter to indicate to the
operator the number of pulses initiated by the bistable
thereby mainifesting the torque;

3).5 time delay circuit and third counter enebling the:
corrective movement of the stepper-motor to occur in fuo
opposing unequal stages with intervening delaye.

The flexibility in the stepper—-motor action mentioned
in 3 ehave-was includad in case long assymptotic approaches
of the diameter of the crystal to aqdilibrium were observed,

in which case deliberate overshoot and return of the power
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MORE DETAILED DIAGRAM OF THE LOGIC
CIRCUIT FOR THE AUTOMATIC CRYSTAL PULLER
(STEPPER=-MOTOR CONTROLLER NOT SHOWN)

SUBTRACTS LOW~F REQUENCY P ——
5T ANDARD DISCHARGE OF eammmm
PULSE=CHAIN ' FIRST COUNTER No1 (£
FROM FIRST. AFTER SUBTRACTION
COUNTER  ~ OF REFERENCE v
5T AR F ILSE=C
AT STA T O PULSE=CHAIN DISCHARGE OF
( COUNTERS BY
GENERATOR N3 1
ALS0 FEEDS
. STEPPER-MOTOR
paorg] [Bx- N;:_e - - COUNTER CONTROLLER
RS 1S T~ GENE- et © — . )
' ” {6 C
I ReroR Nzl THE CIRCUIT WHICH

CONTROLS THE
ADDITION OR
SUBTRACTION UF
PULSE CHAINS FROM
THE COUNTERS ALSD
YIELDS THE STEPPER=-
. mOTOR DIRECTION
SIGNAL

B "FRONT END"
([ CUTS OFF AT
16th READING

\ ; ~CIRCUIT GOES
INTO MODE 2

AVERAGES 16

PULSE-CHAINS

AND FEEDS TO

FIRST COUNTER STEPPER-
Comre MOTOR
J Heh DIRECTION
"FRONT END" - N&Z . SIGNAL
GENERATOR N3 2 CHARGES
SECOND COUNTER WHILE | TPtk
FIRST COUNTER IS Tow- | Eeioeney | Tine
DISCHARGED BY GENERATOR |facma !‘{fa'i‘“"“* e—] oeeay
NG 1 (PULSE=-CHAIN L-_,___}

DIVIDED BY THE RATIO :

OF THE FREQUENCIES) — ‘

TIME-DELAYED DISCHARGE OF

SECOND COUNTER BY GENERATOR

NB 1 ALSO FEEDS STEPPER=-
MOTOR CONTROLLER

A MORE CONPﬁEHENBIVE DESCRIPTION OF THE ORDER OF EVENTS
OCCURRING DURING ONE OPERATING CYCLE OF THE CIRCUIT IS5 GIVEN
IN THE TEXT., THE FULL DETAILS OF THE CIRCUIT ARE GIVEN IN

FIGURES 5.17 to 5.30.

Fig 515




saiting.uould improve the facdbick rospnnas; |
The console for the control box is shown in
figure 5,16, The adjustments available are;
1) The photoswitch light threshold,
2) The dead-time (offset) by which part of the torque
signal is suppressed,
3) The torque datum

4) The total movement of the stepper-motor for a given

detected error in the crystal torque, abreviated to T.5.C.3

totéi stepper change.

5) The delay between the two stepper-motoi movements pet
operating cycle.
8) The ratio of the first to the second movement of the

stepper-motor. | .

7) A coarse manual adjustment to the pouef ietting of
- the furnace, _
8) A fine adjustment to the power setting of the furnace
. which éan'be,controlled by the steppsr-moto:;:
9) A revolving shaft meking any stapparémotor-action
obvious (gaared.l:lu with motor)e.

: 10) A switch to interrupt the feedback proccsdﬁand display, |
';on the digital couniar, discreth torque values for eanﬁf '
~rotation of the crisial puller. o , o . 

The simple application of 74121 and.5553Nmoﬁbable/;s€ahle-;

"1ntegrated circuits as control elemgnté in the logic circuit

alloved adjustments to the circuit'to be made through the

R;B. networks associated uith'them;'hénéq thd‘bo;sihility

of potentiometer contols on_hﬁe front console. The 74121

and 555 integrated circuits are quoted as having a tiﬁé







delay reproducible to about 1% at a given temperatura,
which was adequate for the accuracy desired here.

The details of some of the logic gating was influenced
by the availability of integrated circuits; alternative

solutions could be devised.,

5502, Details of the circuit operation

_ Referring to figure 5.15, the order of events in
the control circuit during normal operation is as follows:

1) The bistable triggered by the photoswitch sends suc-
cessive bursts of pulses from the generator (frequency
ad justable using T.5.C. control) through & divide-by-16
integrated circuit (a 7483 using the last bit of the fourth
bistable as output) to counterNo l. After 16 bursts, counter
Nol is isolated and is left containiﬁg an average over 16
valuesof the torque in units dependent on thq pulse
generator frequency. At this stage, the digital counter
(rnot shown) is latched to display the torque permanently
until the same point in the next operating cycle.

2) Upon isolation from the torque signal, that is at.
the beginning of mode 2, the reference pulse chain generator
delivers. a standard number of pulses, controlled by the
'datum setting, to the counter, reset to count down rather
than upe Monitoring the counter for the empty condition
allows a signal to be produced defininﬁ the pdlarity of
the remaining contents., The number left in the counter
is proportional to the deviation of the crystal torque from
the present datum.

3) A low frequency (approximately S0 Hz) generator

16
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discharges the contents of counter Nol to the stepper-
motor, the error polarity signal defining whether a count
reversal is necessary and also indicating the required '
direction of motor revolution. Simulfaneously to the discharge
a second counter is charged at & lower frequeﬁcy to accumulate
a reduced error signal with a scaling factdrvequal to the
ratio of the two low frequencies,
4) After the first movement of the stepper-motor, a

time delay operates which inhibits all circuitry for a
short period.

5) At the end of the delay, the counting direction of
the second counter is reversed and the counter discharged
at the higher low frequency to the stepper-mofor after its
directional control has been reversed.

6) When both counters are empty a signal initiates mode
1 and a full cycle of the circuit has been completed.

To facilitate a detailed description of the logic
circuitry, it will be discussed as the sum of the smaller
circuit elements shown in figures 5,17 to 5.289.

The photoswtich circuit (fig 5.17)_was based on an

' RS 305 434 T.T.L. compatible integrated circuit using a

silicon photodiode (fig 5.18). IR order to produce
distinct triggering of the switch, it was found necessary
to. isolate the photoswtich from the power supply of the
rest of the circuit. The voltage regﬁlators used to power
the rest of the circuit were loaded to ‘an extent that
caused greater voltage instability than:ues permissible
for the critically sensitive photoswitch, the symptom
being that as the light level rose through threshold the
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PHOTOSWITCH CIRCUIT
(OPERATES CONTINUOUSLY IN BOTH CIRCUIT MODES)

RS 308 (% 1S
LOGIC LEVEL DIAGRAM:
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INDICATING L IGHT
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THE DIAGRAM INDICATES THE AUTOMATIC ADJUSTMENT UF THE BISTABLE
OUTPUT INTO PHASE WITH THE PULSE PAIRS FROM THE PHOTOSWITCH GIVEN
THAT THE MONOSTABLE RUNS FOR A PERIOD OF HALF THE REPEAT TIME FOR
THE PULSE PAIRS,

Fig 548

TTL
Gate

LIGHT ACTIVATED SWITCH (RS 305-434)

THIS DEVICE IS A TTL COMPATIBLE SWITCH WITH A LIGHT
THRESHOLD SET BY AN EXTERNAL RC NETWORK. SUCH A DEVICE PERFORMED
THE LIGHT DETECTION ON THE AUTOMATIC CRYSTAL PULLER.

switching action would tremble and upset the circuit
logics. A third 7805 voltage requlator for the photoswitch
alons solved the problem,

Since the 1i§ht-pulse pairs could be timed in two

possible ways, namely the short interval or the long interval,
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a means of discriminating and moving into the required
phase was necessary., This was achieved by using a 74121
mono;lable with its negative triggered input coupled
to the output of a 7473 bistables The monostable period
was set to one half of the rotation period of the crystal
puller, and its output coupled to the bistable soc as to
clear it for the duration of the monostable delay. Using
this configuration the bisthble automatically phased as
dasired with the light signals, the 'Q' logié output
(fig 5.17) having e value of 1 during the short period
between pulses,

The 'front end! pulse chain generator and digital
counter (fig 5.19) received continuously the bistable
pulses from the photoswitch circuit but could be inhibited

"FRONT=END" PULSE-CHAIN GENERATOR AND OIGITAL COUNTER

MODE 1 INHIBIT s _ i INITIATE=MODE 2

INPUT (LOW I of O3 h_ g - OUTPUT

IF REST OF ' :

CIRCUIT IS IN - ,
MODE 2) RESET DIGITAL

COUNTER (IS
RESET ON RETURN

TO MODE 1)
FROM b |
SuiTon TORQUE=~SIGNAL
CIRCUIT PULSE - CHAIN(S);
c PRODUCED IF

MODE 1 OPERATIVE

ONE OF SEVERAL CONTRUL
QUTPUTS FOR SWITCHING . : 'LOGIC LEVEL DIAGRAM:
WHOLE CIRCUIT INTO MODE 1 -

VIA CLEARING CIRCUIT, b - L igm B
THIS SIGNAL IS PRODUCED . ' -
EVEN WHEN THE "FRONT-END" ¢ 1 e
. IS INWIBITED, e M SR R
f U 1) u
g _Mm_ | -
Fig 5-19 h L

& B opuse -
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when torsional informﬁtion was not required. The signal
from line C activated the 74121 monostable via the
negative~triggered input to prevent the astable (signal
generator) passing pulses to line g and the digital counter

‘(based on the ZN 1040 E shown in fig 5.20).

ZN1040E COUNT DISPLAY INTEGRATED CIRCUIT (RS 306-285)

A ZN10O4OE WAS USED TO PROVIDE A OIGITAL DISPLAY OF THE
TORQUE SIGNAL (THE "FRONT END"™ COUNTER).

Connecied 10
common Anode

of-each display B O S o gty gy YA A
— — m————— VWA

DP:co00 DPa-aoo DPao-00 DPooo:o
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After briefly suppressing the astable signal (fraquency'
approximately 10 KHz) the remaining signal continued

until interrupted by the end of the bistable pulse, this
process occuring 16 times before the front-end was inhibited.
On the 16th bistable pulse a negative going signal from a
divide~by=16 integrated circuit triggered a monostable

which latched the digital counter so as to display the
accumulated signal that had arrived along line g (also via

a divide-by-16 integrated circuit). The latching pulse’

was sent out via line h to trigger the rafarahce pulse=chain

generator circuit which in turn, via the up/down control

circuit, inhibited the front-end leaving the circuit in

mode 2.
REFERENCE PULSE-CHAIN GENERATOR Fig 521
INITIATE- ot Rl i ——— TO0 UP/DOWN CONTROL CIRCUIT

INPUT (peried a
iV | N\ 3, REFERENCE PULSE~CHAIN
: OUTPUT (TO COUNTER No 1)
— ASTABLE '
‘ 588

i
h 1
LOGIC LEVEL DIAGRAM: i ™
J o

The reference pulse-chain generator circuit (fig 5.21)
operated once, very briefly, during a normal working cycle
of the whole circuit, »

Counters number 1 and 2 (figures 5.22 and 5.23) were
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COUNTER No 1

CLEAR
INPUT >

oW,

L a0
Y
LOW=FREQUENCY l
DISCHARGE INPUT

-
COUNTER=-
EMPTY
ouUTPUT

TORQUE=SIGNAL
PULSE=CHAIN
INPUT 9

REFERENCE
PULSE=CHAIN ¥ :
INPUT J o p

UP/DOWN CONTROL INPUTS

COUNTER No 2

Fig 523

COUNTER- s}
EMPTY —T
DUTPUT : -

—% cLEAR
L D L INPUT
FREQUENCY — |
CHARGE

OR
DISCHARGE
INPUT

o1 o

UP/DOWN CONTROL INPUTS

éDTH COUNTERS ARE SIMILAR., THE PULSE CHAINS ARE STORED

"IN WHAT ARE ESSENTIALLY STACKS OF BISTABLES.
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similar, both consisting basically of a stack of bistables
each having three 74183 counter integrated circuits,
Counter Nol was charged during mode 1 by the torque signal,
then discharged by the reference signal followed by a low
frequency signal. The counting direction of the 74193'stack was
set by the particular input used, but two nand gates altered
this to control by the logic state of a pair of inputs
(1,0 or 0,1), a third input taking the pulse chain. The
counting directions of both counters were set simultaneously
by the up/down control circuit. Using three four-input nor
gates feeding a three-input nand gate, a counter-empty signal
was produced by a zero count in either circuit (O=empty).
For the first counter this signal was relayed to the up/down
count control as indicating whether a count reversal was
necessary before low frequency discharge. For the second
counter it served only to indicate that a new operating cycle
of the circuit as a whole could begin. Clearing of the first
counter when the circuit is switched on was accomplished using
a capacitative voltage transient on the clear input. The
second counter was provided with a similar cleh;Lng pulse
originaﬁing in the clear circuit,

The up/down control circuit (fig 5.24) altered the
count diréction of the two counters, treated together by
the circuit, on the basis of four inputs. Thellogic level
diagram for the possible cases of positive and negative
torque error is given in figure 5.25. The four inputs are
labelled h, i, k and n. .

The low frequency discharge circuit‘(fig 5.256) was

a more complex version of the reference pulse-chain circuit.
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UP/DOWN CONTROL CIRCUIT

STEPPER UP/DOWN
DIRECTION CONTROL
OUTPUT QUTPUT
(TO BOTH
COUNTERS)
p _

. OUTPUT TO
FIRST= ENABLE LOW-
Eggﬁzﬁﬂ' | FREQUENCY
NUT ~ © DISCHARGE OF

- FIRST COUNTER

o D INHIBIT=NODE 1

INITIATE=- m OUTPUT

MODE 2 -

neutr Y I I
TIME-DEL AY- g
QVER INPUT

CLEARING - YA
INPUTS Fig 5_ 24

THIS CIRCUIT CONTROLS THE DIRECTIDN IN WHICH THE STEPPER~-
MOTOR TURNS SINCE THIS IS INDICATED BY THE COUNTING SENSE
REQUIRED BY THE TWO COUNTERS AS THEY DICHARGE THE TORQUE-ERROR
PULSE CHAIN (DR THE DIVISION OF IT).

LOW~FREQUENCY CHARGE AND DISCHARGE CIRCUIT

LOW-FREQUENCY ® # STEPPER
(f, ) ouTPuT 2 Tevaal PULSES.
PULSES TO (5
DISCHARGE
FIRST COUNTER SECOND=COUNTER=-
- EMPTY INPUT
T
LOW=FREQUENCY
k (fy) OUTPUT
FIRST=COUNTER=-. PULSES TO
EMPTY INPUT , "‘CHARGE SECOND
3 o COUNTER OR f,
_ ’/) l PULSES TO
T n DISCHARGE IT
ENABLE TIME-
3 INPUT FROM DELAY=-
Flg 526 UP/DOWN OVER
- CONTROL INPUT

TH1S CIRCUIT OPERATES ON COUNTERS 1 AND 2 PRODUCING AS 1T
DOES SO THE PULSES WHICH DRIVE THE STEPPER-MOTUR LOGIC.
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'CASE 1 REFERENCE PULSE EMPTIES COUNTER Nol AND OVERRUNS
TO GIVE A NEGATIVE TORQUE ERROR IN COUNTER,
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The differences were that the low frequency circuit had the
cepability of providing two éignals of differing frequency
and that fhere were five control inputs. The logic level
diagram of figure 5.25 1indicates the activities of the low
frequency circuite.

The time delay circuit (figv5.27) had a range of 8

to 160 seconds,

TIME DELAY CIRCUIT

DISCHARGE-SECUND~-

w__, COUNTER OUTPUT (f,)
TIME=DEL AY= n e85
OVER OQUTPUT g . CLEAR-
| _j‘}——V FIRST=
COUNTER
EFgG?S : OUTPUT
N (SIGNAL SENT THROUGHOUT
TINER OPERATION)
SECOND= u FIRST-
COUNTER- 4 COUNTER-
EMPTY _ EMPTY
INPUT : INPUT Fi
A | ig 527

THIS CIRCUIT CONTROLS THE DELAY BETWEEN THE FORWARD AND
BACKWARD CORRECTIVE MOVEMENTS OF THE STEPPER-MOTOR.

Two inputs monitored_for an éppropriatg condition of the
counters, namely that the first was zero and the secand
non-zero, while the third input provided a distinct
triggering pulse from part of the front;end circuitry.
Logic levels during operation are indicated in figure 5.28.

A clearing pulse was sent to counter Nol from the beginning




157

J £ € XX " C o
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of the time-delay top the recommencement of mode 1 because
changing the coun£ direction at the end of the delay, using
lines 0 and P, injected a pdlse in counter Nol causing the
loss of the empty-signal if clearing was not maintzined.
Loss of the empty-signal at that stage would brevent the
circuit as a whole working. For the same reason, at the
commencement of mode 1, a clearing pulse was supplied to’
counter No 2 simultaneously to the final change in counting
direction, so that it would be zero as required at the
beginning of the operating cycle,

The clear circuit (fig 5.,28) reset (cleared) all
counters and bistebles at the end of mode 2 for each
operating cycle. It also produced transient clearing
pulses at switch-on. The clearing pulses at the beginning

of mode 1, were triggered by pulses from the front-end-
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CLEAR CIRCUIT

FIRST-CDUNTER=
EMPTY INPUT

UP/DOWN
j CIRCUIT,
v TIMER
CIRCUIT
L AND
DIGITAL
COUNTER,

CLEAR
C l OUTPUT TO

SECOND=-COUNTER=
EMPTY INPUT

F|g 5.29 CLEAR=-SECOND=- COUNTER OQUTPUT

(COUNTERS MUST BE HELD CLEAR DURING THE

CLEARING OF THE UP/DOWN CIRCUIT)

THIS CIRCUIT CLEARS THE UP/DOWN CONTROL CIRCUIT WHICH IN
TURN SENDS THE "FRONT END"™ INTO MODE 1l,. THE CIRCUIT ALSO CLEARS
THE TIMER WHICH IN TURN PRIMES THE FIRST COUNTER. THE CIRCUIT
ALSO RESETS THE DIGITAL COUNTER IN THE "FRONT- END", NOTE THAT
CLEARING PULSES ARE PRODUCED TRANSIENTLY BY THE CAPACITORS ON

SWITCH=ON,

along line f in order that mode 1 synchroni;ed-with the

incoming torque_signals, preventing truncation of the first

torque signal.

The complete circuit, minus the circuitry for the
stepper-motor, is given in figure 5.30. All switches were
incorporated into one four-pole, four-throw toggle switch
allowing display of the torque for every revolution of the
pullgr without mode 2 operating.

The Impex 4-pole stepper-motor (type IDD &) was
controlled by a commercially available TTL-compatible
circuit requiring only a direction input (1 or 0) and a

clock input to step the motor. These were coupled to R and

T respectively in figure 5.30. As is normal, the earth
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line of the motor was isolated as far as possible from
the logic circuitry te pra#ent inductive noise disturbing
the latter. (A standard RS 238 514 mains filter was
also incorporated to protect the logic circuitry).

A typical digital read-out from the circuit was
500 units for a 10° mismatch of the suspension mirrors,
corresponding to a torque of about 3%x10™8 Nm . Thus the

11 Nm per bit though

sensitivity was typically about 6x10~
instabilities gave a standard deviation of aboﬁt 50 bits
in the torque signal, averaged over 16 readings, under

normal running conditions.,

5,6 Operation

In operation it was found important to;

1) manually adjust the suspension fibre to give
sufficient rotational clearance between suspended frame
‘and lower frame (fig 5.8) to ensure that the relative
rotational rocking of the lower frame did not cause
it to strike the upper over the anticipated torque range,
Striking of the frames was manifest as a gross instability
in the apparent torque; '

2) adjust the photoswitch threshold to about the middle
of the range over which the two .distinct light pulses were
observed, the photoswitch.output being displayed on an
oscilloscope. An initially clean quartz tube was used
so that there was no light intensity change with respect to
tracking of the detector; '

3) switch into full control (from discrete torque

measurement) while the rotating mirrors of the suspension
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were well away from the detector, that is whilst no
torque signal was being sent, thereby eliminating the
possibility that the first signal was truncated resulting
in a small error in the first averaged torque reading in
the new status,

Adjustment of the remaining electrical controls was
dependent on the desired crystal size and growth rate.

. Figures 5.31.and 5,32 show the whole equipment and the

pulling region respectively.

S.7. Results

On the basis of the work done, certain observations
can be made, some relevant to viscous torque control in

principle, others to the present means of achieving.it,

Selele General

A plot of torque VS diameter is givenin figure 5.33
for copper under :typical condifions of pull-rate and
rotation rate, for the melt dimensions mentioned in 5.4.2.
‘The monatonic increase is as required, but the torque is
smaller than anticipated by about a factor of 3 . (see
comment on pull-rate).

The melting point viscosities for a numbe:‘of metals
are as given in table 5.1 from Cavalier (1960) and Ofte
(1967) with copper having a valuelpf about 5 centipoiée.
Assuming that the torque is proportiqnal to viscosity,
then mpst pure metals will give torques of the order
- shown in figure 5,33, Table 5.1 is on page 172,

A plot of torque vS pull-rate for copper at a
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PLOT OF TORQUE ON A CZOCHRALSKI GROWN COPPER
CRYSTAL VS DIAMETER (CRYSTAL TURNING AT 50 RPi
AT A PULL-RATE OF 0,6 mm/min )

TORQUE (10 NM)

0o 1 2 3 & 5 6 7 8 9 10
DIAMETER (mm)

PLOT _OF TORQUE ON A 7mm DIAMETER CZOCHRALSKI
GROWN COPPER CRYSTAL VS PULL-RATE (CRYSTAL

TURNING AT 50 RPM)

Fig-5 34 .
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diameter of 7 mm, for a melt temperature which stabilises
growth at that diameter at a pull-rate 0.3 mm/min, is
shown in figure 5.34. The extrasordinary sensitivity
of the torque measurements to the conditions ef the
meniscus at the growing interface is apparent, indeed
a change in the pull-rate by a factor of 2 ﬁhanges the
torque by a factor of 5. For a very slow puli, the torque
approaches the anticipated values deduced from the early
trials with water for which no meniscus column was present,
Higher pull-rates give lower torques prior to the
reduction in crystal diameter that the change in the pull-
rate subseguently causes. Higher pull-rates were observed
to give relatively more stable (albeit smaller) torque
readings, the increased meniscus column between growth
interface and melt surface presumably decoupling the
crystal from stirring effects in the bulk of the melt,
the majority of the torque then being due to shearing of
the fluid in the meniscus region (see fig 5.35).
The torque on larger diameter crystals will be less
critically dependent on the (relatively) smaller meniscus
region.
The torque on the growing crystal is dependent on
the concentricity of the crystal tip in the melt. An
eccentrically rotating crystal requires a torque dependent
on its diameter but also on any concentricity -change.
during growth. Furthermors, instability in the torque
reading develops for eccentric rotation. Centring of
" the crystal on its rotation axis is therefore vital for

effective automatic control,

165
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The torque on the crystal can be altered significantly
by impurities in the melt, particularly those manifested
on the melt surface, which interfere with the normal
rotational shear of the fluid. Impurities of.a‘type
visible on the melt surface shortly after 11quification
but subsequently lost by adhesion to the crucible or by
evaporation (or perhaps 'lost! by dissolution into the
melt) were observed to cause torque increases of a factor

of two.

gIAGRAN SHUWING SCHEMATICALLY THE_CHANEE IN THE NELT

— meniscus
. TDF\‘QUE DECREASING regian
Fig 535 FOR CONSTANT CRYSTAL
DIAMETER

5.7.2. The present equipment

A control crystal was grown uithout.any torsional
feedback to illustrate the drift in the crystal diameter
occurringunder conditions of nominal temperature stability.
The crystal (fige 5.36) shows a gradual increase in diameter
(typical of other crystals not shown) with an absence of
fluctuations associated with the poﬁer ad justments made
during the growth of later automated crystals. This crystal
shows a 100% increase in diameter over a 6 cm length grown

'in 1 hour and 40 minutes,






Three lengths of crystal grown under automatic control are
illustrated in figures 5.38-5.,40, The crystals were not
necked down since testing of the equipment did not require
thise. The regions over which control took place are
indicated, - These crystals show a poor level of control
having a diameter variation of approximately +10%, the
torsional measurement being too insensitive and unstable in
the present equipment for more accurate work, The system is
however workable and further development could improve the
control by the factor of 10 necessary to compete with
existing commercial methods. The prineipal problem at the
moment is friction in the jewel support bearihg (which could
be replaced by a floating bearing using silicbhs oil ).

At a given diameter of crystal, a certain small change
in the R.F. power potentiometer produces a well defined
change in crystal diameter once equilibrium in the growth
has been re-established. Since the control_circﬁit changes

the power by an amount dependent on the torque error signal,
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the feedback can be measuredin millimeters (of crystal diameter)

per newton metre (of torque error) for the prevailing mean
diameﬁer e A time-constant can usually be defined for a
given crystal diameter (by which profile changes occur to.
the erystal for a step in R.F. power), though the speed

of response of the crystal may in some cases be dependent
on the changing thermal mass of the melt. Other feedback
paramaférs,more readily measured, are the delay time between
forward and reverse movements of the power potentiometer by
the stepper-motor and the ratio of fhase movements. The
control conditions are summarised by these parameters in

figures 5.37-5.40 with each crystal shouwn.






The consequence of not rocking the jeﬁel bearing
supporting the suspension is shown in figure 5.37 ; the
shape of.the.crystal is due to a positive feédback ﬁhereby
the crystal orientation sticks at opposite extremes on
the jewel bearing due to static friction, and overcorrective
measures to the diameter (about an average value) afe
required to establish a crystal-torque/fibre-~torque dif-
ference capable of dislodging the bearing.
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DIAGRAM SHOWING THE STEPPED CRYSTAL

STRUCTURE DUE T0O INITIAL ECCENTRICITY

OF THE CRYSTAL SEED ON A FREELY
HANGING SUSPENSION

Fig 541

(CRYSTAL
SHOWN
INVERTED)

MELTED-BACK. REGION .
FORMING A HOLE

It has been found, very conveniently, that poorly centred

crystals automatically centre themsélves in the present

equipment aided by the fact that the weight added to a Qrawing-

tip will always move the centre of gravity of the whole'
crystal in such a way as tobring greater collinearity
between the hanging point, the centre of gravity (these

two define the rotation axis) and the tip ef.the érystal.
However, this centring mechanism can be catastrophic if

the crystal tip is misaligned by more than a few millimeters
since high points on the growing interface can become fresh

seeding points causing disjointed growth of the kind
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illustrated in figure 5.41.
5.8 Conclusion

A new form of éutumatic control for Czochralski growth
has been explored, The method relies on difficult measure-
ments of the very small viscous torques associated with
crystal rotation, |

A very simple mechanism for achieving control has been
described and, while failing to match the precision of com-
mercial systems, demonstrates the viability of the technique.

It has been found that viscous terque control has
advantages over some other techniques since it is peniscus
sensitive, indeed extremely so. The magnitude of the obser-
ved meniscus effect is significant ; viscous torque control
may well in principle be better than present commercial methods
for control of smaller diameter crystals (up to say 3 cm)
under certain common conditions, primarily that the surface
tension, like that.of silicon, is hiéh enough to create.an
adequate meniscus column between crystal and melt. Under
these conditions tﬁe torque on the crystal has a component
which is proportional to the differential-of the crystal 3
diameter with respect to axial distance. This differential
cﬁmponent is present to a much greater degree in torque
measurements than any other measuring technique and is the
' property that reviewers (Hurle, 1977 and Jozsef, 1979)
have singled out as the basis for a_sucgassful automation

method.
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EXAMPLES OF VISCOSITIES OF METALS

AT THEIR RESPECTIVE MELTING POINTS

METAL MELTING POINT VISCOSITY
‘c (CENTIPOISE)

LEAD 337 2,47
GOLD 1063 4,84
URANIUM 1133 Be5
COBALT 1485 5.5
NICKEL 1452 5.8

IRON 1536 59
BISMUTH 271 2.0

TIN 232 2.6

INFORMATION TAKE FROM OFTE (1967) AND CAVALIER (1960)

TABLE 5-1
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CHAPTER SIX

A_NEW TORQUE MAGNETOMETER

6sl.Introduction

The new torque magnetometer described here is based on
the design due to Aldenkamp, Marks and Zijlstra (1960).

It is innovative in the use of a mutual inductance of direct
angular sensitivity to detect the movement of the magnetometer
head. A wide dynamic range and on-~-line data processing using
a microcomputer render the device particularly suitable for
the rapid analysis of a large number of samples and, due to
its rigidity, for accurate measurement on materials of large
magnetocrystalline anisotropy.

A simplified diagram of the magnetometer head is shown
in figure 6.1. The suspension employs two horizontal discs
connected by three symmetrically placed leaf-springs which
are highly sensitive to small twists but very rigid with
respect‘to sideways displacement. The specimen is mounted
on a support attached to the lower disc while the upper disc
is rigialy clamped. For small displacements, thé movement .
of the lower disc indicates torque proportionally.

In the original design, Aldenkamp et al. rotated the
magnetometer itself in a fixed magnetic field and used
an eccentrically placed linear position transducer to
measura.angular displacement. In the present design the
magnetometer is fi#ed in a rotating field and an angularly
sensitive. transducer is used.

A block diagram of the electronics is given in
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SIMPLIFIED DRAWING OF MAGNETOMETER HEAD

Fig 6-
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figure 6.2. Indicated on this is the cross-coil transducer,
driven by an oscillator and mounted on the magnetometer head,
which produces a signal having a phase and amplitude indica-
ting the applied torque. A lock=in amplifier interprests the
signﬁl for the 'Y! input of an X;Y plotter with 'X' input
linked to a position potentiometer on the magnet base. Hand
rotation of the magnet traces out a torque curve on the

plotter, the graphical information also being recorded by an
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RAM _OF THE ELECTRONICS OF THE TORQUE MAGNETOMETER

BLOCK DIAG
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on-line computer. Subsequent analysis'of the data to
yield anisotropy constants can take as little as one
minute. Further details of the electronics and computer
are given in sections 6.5 and 6.6.

The torsional constant of the magnetometer is measured
once, thereafter torque can be inferred from the deflection
of a light beam from a mirror on the moving part of the head

and the electrical output calibrated with respect to this.

6.2 Advantages of the design

The normal advantages of the triple leaf-spring design
over alternatives apply (see chapter 4), namely robustness,
cheapness and, due to the particular calibration methed,
accuracy. Furthermore, since the sample is attached to the
end of a rod rather than within an enclosure forming part of
a more complex suspension, rapid sample changing is facilitated,
The established advantages of an on~=line microcomputer also
apply, chiefly the rapidity in obtaining and processing
experimental data.

Advantages-specific to the present design are principally
that the cross — coil mutual inductance is easy'to construct, |
uses a readily available off-the-shelf phase sensitive detector
and provides a very wide ranging, very positionally sensitive
means of monitoring the head with all the advantages that,

" in turn, accrue to this. Indeed, overall rigidity and relatively
high senéitivity are both obtained simultaneously in that
106 Nm sensitivity is available on a suspension capable of

- withstanding nearly 1 Nm.
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The large working range allows, therefore, a range of samples
to be investigated which differ in anisotropy by an amount

normally excluding the use of a single unmodified instrument.

6.3 Disadvantages of the design

One disadvantage of the present design is that the side-
ways restraint of the sample by the magnetometer compares
unfavourably to that of a (double) ligament suspension magne-
tometer of the same torsional constant. Thus the forces pro-
duced by a particular sample magnetisation and field inhomo-
-genaity may require the use of ligaments to obtain the
ﬁecassary combination of both lateral support and freedom
for sample rotations . of the magnitude necessary in
any measurement of torque. Furfhermare, in any attempt to
increase the mechanical sensitivity of the present design,
which has a large moment of inertia due to the lower disc,
the natural frequency of angular vibration becomes inacceptably
low in that sufficient damping of the vibrations interferes
with the dynamic response of the magnetometer qﬁring torque
curve acquisition. This moment of inertia limits the practic-
able sensitivity of the leaf-spring arrangement'and favburs

again the ligament suspension,

o4 Mechanical details of the magnetometer

ouns——— ——

The primary coils of the transducer were mounted on
a rotatable cross-slide combination (fig 6.3) to allow the
coils to be centred accurately and_orthggonally around the
pick-up coil. This procedure minimised the spurious signal

produced by the pick=up coil when the magnhetometer was relaxed
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and in turn reduced the amount of electrical back-off
necessary to produce the quiescent state (see section 6.5).
The leaf-springs were made of staimless steel and of
dimensions 10 mm x 75 mm x 0.54 mm which attached to a 7 cm
diameter lower disc producing a torsionmal constant of 0.1474
rad/Nme Thus, even in the case of the cobalt crystal
analysed in figure 6.16, the maximum sample rotation was
only 4 arc minutes, Ordinarily no correction to the torque
curve due to magnetometer rotation was therefore necessary.
Conventional ligament suspension feedback instruments of the
'null deflection' type (eg Croft et al., 1955) turn a
similar amount to produce the out-of-=balance opto-electronic
signal. The leaf-springs enabled a maximum working load of
between 0,1 and 1 Nm. A general equation for the torsional
constant of the triple leaf-spring suspension, due to Birss
and Shepherd (1878) is given belouw;
2] ~ L I,

= + - 000(6.1)
™ seab®R2  m_a(a? + b?)

where £ is Young's modulus, Ms the shear modulus, A the cross-
sectional area of the springs, 2a their width, 2b their
thickness, I_ their effective length, and R the distance of"
their centres from the axis of suspeﬁsien.

The elastic-after-effect of the leaf-springs was accounted
for 1n_the computer software (see section 6.6). -

The iamer movable ¢isc, attached to the leafféprings,
was about 1 cm in thickness and made of nylon to produce a

‘low moment of inmertia giving a natufal frequency of approxi-

S 5ﬁately 50 Hz. Such a frequency could be damped without

introducing an appreciable limlting slew-rate to the dynamlc



180
response of the magnetometer. In the event, damping was .
obviated by mpoé;\:atwe. smesthing of the <leclrical) output.
The sample support rod was made largely of 6 mm . |
pyrex tubing having a length of about 30 cm with a metallic

end-piece capable of accepting a screw-in sample holder on

a 5 mm metric thread (fig 6.4).

THE SAMPLE SUPPORT ROD

THERMOCOUPLE

SAMPLE

“S_ALUMINIUM SCREW-IN - s
SAMPLE HOLDER - Fig &4

The 7 mm diameter, 3 cm long aluminium end-piece which

was attached to the pyrex by a thermosetting cement,

improved temperature measurements on the sampie by thermally
coupling the sensor in the rod to the metallic sample holder
and sample. No adjustment to the sensor (a copper-cpnstahtan
thermocouple read by a Schlumberger 4045 ipu digital
valtmeter) was necessary during sample change-over. The

end of the sample support rod was found to produce para-

sitic torques during field rotation by reaction of the
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induced eddy currents with the fields The size of the
metal body was therefore kept to a minimume The eddy-current
torques, when comparable to sample torques, were counteracted
electrically (see section 6.5 and figs 6.8 and 6.9). The
support rod was attached to the magnetometer by an adjustable
tufnol mount whereby the orientation of the rod and thereby
the transverse position of the tip, could be manipulated
through 3 brass screws symmetrically disposed around the base.
This allowed the sampletn be centered accurétaly on the
rotation axis of the magnetometer movement; essential for
. accurate work since a non=-central sample transferred torque
| resolved from the translational forces on the sample by field
- inhomogeneity and produced thereby an artificial signal.

The vacuum system surrounding the magnetometer (fig 6.5)
prevented atmospheric condensation on the internal parts
during low temperature work. It also reduced corrosion of the
heated parts of the magnetometer during high temperature ruﬁs.
The 30 cm long, 1 cm diameter stainless stéel lower-sheath of
the vacuum system was orientable to accommodate the sample -
support rod, the sealing action being performed by finefguége,
ridged phosphor-bronze tubing. In the brass upper:sact;pn of.
the vacuum system were two optically flat 8 cm x 5-cm'wiﬁdows
of 6 mm float glass by which light could be reflected from the
magnetometer mirror during calibration. The vacuum system

"physically supported the top of the magnetometer head on a
stand by which the whole system was evacuated. Evacuation

took place through a tubular '0O'-ring joinf allowing a limited
adjustment of the magnetometer position with respect to the

field (see figure 6).
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| COMPLETE MAGNETOMETER [lf

] Cut away diagram of complete torque magnetometer;
- A, glass window (opposite side similar to allow projection of
crosshiir image via mirror); B, magnetometer head; C, housing

for acceptance of the evacuating tube which supports. the
" magnetometer; D, heating coil; E, screw-in sample holder
(sample glued to end): F, vacuum sheath for sample support
rod; G, cryostat; H, directional mounting for vacutim sheath
* (for alignment of sheath and sample support rod); J, cross hairs; . | 18 S
K, cross hair image projector (mirror on magnetometer not 8 15
visible). ‘

~10 cm










A pyrex déwar around the lower sheath of the vacuum
system was suitable for exposing the magnetomster to liquid
nitrogen temperatures. To cool the sample to 77 K, about
10 torr of Helium was used as a transfer gas féiling which
about B85 K was possible, Intermediate cooling was obtained
by rationing the nitrogen in the dewar., A maximum warm-up
fate of about 3 K per minute was observedes A helium gas-
flow cryostat mormally used for X-ray diffractometry (Jones
and Tanner, 1980) was available for the.magnetqmeter and would
allow the present 2 tesla magnet pole-piece configurati&n to
be retained, The latter arrangement has not yet been used
experimentally.

A coil around the lower sheath of the vacuum system
allowed radiant heating of the sample. Temperatures of up
to 650 K were obtained using a 20=turn nichrome coil in a
matrix of thermosetting cement giving a power of about 50
watts at 20 V. |

To reduce mechanical vibration to the magnetometer by
the rotation of the ﬁégnet, both were seperately attached .
to a common concrete 'base. The magnet and support stand
are shown in figures 6,6 and 67 Further details of the

magnet are given in the next section.

6.5.Electrical details of the magnetometer

The computer interface, microcomputer and software
are dealt with in the next section. o

The primary coils of the tranSdﬁcer, consisting together
of 2500 turns of 34 swg copper wire (DC resistance about

100n) were fed with a 3 KHz AC signal. The pick-up coil,

185



186

consisting of 2500 turns of 40 swg copper wire, detected
an induced signal when movement of the lower disc misaligned
it from the null postion. For a small displacement, the
amplitude of this signal was proportional to the rotation
of the lower disc and hence the torque on the sample.
Depending on the sense of the rotation, the secondary veoltage
was either in phase or out of phase with the primary. Thus,
if the signal was fed to a lock=in amplifier (}ig 6.2) and
a fraction of the primary voltage used as a reference, a DC
output was produced proportional to the hagnitude and sense
of the torque. Use of the lock-in amplifier enabled effec~
tively all unwanted electrical noise to be rejected., Rigidity
of the apparatus was such that the shortest time-constant of
the lock-in amplifier (10 ms on <the Brookdeal type 401) gave
sufficient damping to eliminate the modulating effect of the
50 Hz mechanical vibration. Hence torque curves could be
obtained directly on the Phillips PM 8141 per recorder without
fear of significént distortion due to delay in the response
of the lock=in,

The transducer signal was increased by almost an aorder
of magnitude by operating the primary coils in resonance using -
0,01 pf capacitor . Further attempts to sensitise the device
using a ferrite core in the pick-up coil were successful but
rejected on the grounds that the equipment becanme unacceptably
subject to permeability changes in the region arbund the heéd;
to the extent that movements of a humaﬁ operator could be
detecteds The ferrite core was also'unécceptable because
its elongated shape tended to orientate in the stray magnetic
field producing unwanted torque. In the final form, the

transducer produced a signal of about 1V pk-pk per radian



167

for a nominal oscillator output of S V pk-pke.

The potentiometer on the base of the maénet consisted
of approximately 1 metre of nichrome wire having a resis-
tance of about 20 and linearity (gradient d(voltage)/dx)
constant to withip about 2%. It was fed by a Farnell E 30/2
power supply stable to better then 0.1% with respect to time,
load change or typical mains fluctuations.

For work at the lower end of the sensitivity range two
supplementary items of electronics were necessary. The first
was simply a variable amplitude phase shifter by which a pro-
portion of the primary AC signal was added to back=off the
reiaxed-state.pick-up coil output to generate a null signal,
hence avoiding precise manipulation of the pick=up coil
position. This phase-shifted signal was available from the
feedback VPO 602 oscillator directly as an auxilliary cutput.
The second circuit was required by the eddy~-current torques
-mentioned earlier, These torques were dependent on the magnet
angular velocity. Sporadic magnet rotatiom produced noise on
the torque curves exemplified, at high sensitivity, by the -
curve shown in figure 6.8. The compensating Eircuit was. a
differentiator (fige 6.10) which monitored the voltage signal
arising from the potentiometer on the base of the magnet and
returned a signal proportional to the timé differential of any
change in the potentiometer voltage., Empirical adjustment of
“both the proportionality constent and the'time—constént of the
differentiator capacitative output, yielded a §ignal capable
-of counteracting the spurious torqué signal if injected in
" antiphase. The success of the technique is illustrated in
the improvement of the former torgue curve to tﬁat of figure

6.9, taken with similar sporadic magnet rotation.
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DIFFERENTIATOR CIRCUIT FOR TORQUE MAGNETOMETER

Cl,R1 AND R2 ARE MATCHED TO SUIT THE PARTICULAR EQUIPMENT,

The electromagnet was constructed by Roe (1961) and

was of conventional design. The coils were carried on
pole-pieces and were water cooled qsing”a closed circuit of
de-ionised water flowing through a heat exchanger. The field
obtainable with a pole~piece gap of 5.1 cm and a power dis-
sipation of 40 KW was about 1.1 tesla. prever,_with added
conical face pieces,2 teslas could be obtained across a 2.2
cm gap. The magnet could be rotated through about 2bD° on a

calibrated base accurate to a fraction of one degree,

B,6 Computer interface and softwere
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GeBele Hardware

Recent advances in microprocessors have léd to a number
of very inexpensive microcomputers becoming available. The
present magnetometer used a Commodore PET microcomputer which
had up to 32 Kbytes of memory; and a BASIC compiler together
with video display unit, tape deck, printer and keyboard. A
number of interfaces were commercially available but a modular
interface was adopted having the flexibility necessary for use
elsewhere in the laboratory and potentially the option for
stepper~motor control of the magnet position in a possible
future development of the magnetometer. Two 12=-bit analogue-
to~-digital converters were used in a Besselec Minicam system
(Rodriques and Siddons, 1979) which is commercially available
from Bede Scientific Instruments, Coxhoe, Co. Durham.

One ADC took a signal from the position potentiometer in the
magnet base proportional to rotation angle. (With a 12-bit

ADC, the resolution in angle was potentially a little better
that 0.1°). The computer inspected this signal at a read

.rate of 30 Hz until the specified angular movement was reached
and then the magnetometer output was read via the second ADC.
This method of data collsction had the advantagé that the magnet
could be rotated by hand and did not necessarily require ex-
pensive high power motors.

On=line torque magnetometry is neot new.and,in fact, it
is mentioned four times in the literature (Abe and Chikazumi,
1876; Kanomata and Higuchi, 19763 Wilsﬁn et al., 1977; and

Larsen and Livesay, 1979).



6e6,2, Software

As the Minicam interface incorporated an EPROM, the
ADC outputs sppeared to the operator as BASIC inte ger
variables. One line of BASIC sufficed to read the ADC,

for example;

30 A% =3 : A = USR(S) ¢ PRINT A

Line 30 set the address A% to that of the appropriate module
(in this case 3) and USR (5) routine located a subroutine in
the EPROM phich returned the ADC outbut as variable A, subse-
quently printed on the video display unit. It thus proved
very simple to write a BASIC program to collect the data.

In an early form of the magnetometer software, a torque
data point was acquired after the position potentiometer
vbltage was recognised to be within one of a set of predeter-
mined windows corresponding to angular intervals centred
every 3°, The angular resolution was therefore dependent on
the size of the voltage window. A small window would mean
high resoclution but unfortunately would increase the proba-
bility of the window being missed as the voltage from the
position potentioﬁeter was swept. The problem was solved
by using large windows but including instructions Qithin the
software to read explicitly the position potentiometer
voltage before and after recording the;forque siénal. The
average position voltage was then lipaarly interpolated to
yield an accurate angular poesition foz ﬂnegiVen torque. The
resclution of the improved technique was as if the windows

were of a voltage range corresponding fo half of one bit of
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the monitoring ADC and the reliability of acquisition at
sweep rates of several degrees per seéond was about 99.95%.
The earlier form of programing was used in the basal-plane
anisotropy measurements of the Tbxcdl-x alloys (chapter 8),
The more accurate work on cobalt (chapter 7) required the
latter interpolation technique.

Certain corrections were written into the software
to account for systematic distortion of the torque curve
arising from the non-ideal behaviour of the magnetometer
rather than intrinsic effects such as shear. Intrinsic
corrections’ will be dealt with in those chapters reporting
the analyéis of the particular materials, on which these
corrections depend,

R correction was made for the effects of a time-constant
in the electronics monitoring the torque signal. The principal
contributor was the capacitative smoothing on the ADC input
with a constant of aspproximately 0.l4 seconds. The effect
of the exponential decay in the magnetometer response wés to
distort the torque curve, taken dynamically, in such a way
as to effect the harmonic content and thereby the anisotropy
derivation. The correction required that the precise times at
which all data points were obtained were recorded using the
internal clock of the microcomputer. These times allowed
the distortion to be removed by enabling the computer to
generate correct values for each data point from an inspection
of the correction derived for the previous point and a know=
ledge of the last change in torque value and_time. The
recurrence relation by which the corrected torque curve was

developed is given overleaf;
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At At At
t.Tap(l - Exp(=E.)) - Ax(TBF - TgrExp(=t;) +_TAlExp(-Egz)

T = 8
AF At
t (1 - Exp(=t)))
eee(B.2)
where}

Tap = actual (corrected) torque value

TBF’TBI = experimental torque value and previocus value respectively
TAI = previous corrected torque value
At = time elapsed between reading TBI and Tgc

t. = time-constant in torque output.

and where it is assumed that between the two data points

and T

T torque varies linearly with reéﬂect to time., For

BI BF
hand rotation of the magnet the linearity condition was approxi-

. mated to over the small intervals between torque measurements.
Since the field rotation was paused briefly before the acqui-

sition of the first data point, it was assumed that the time-~

constant correction for that point was zero (T, , = Tg.).
The corrected torque curve was then generated recursively from
the subsequent experimental torgque values. |

A correction was made for the distortion due to elastic-
after~-effect in the leaf-springs of the magnetometer head. It
was found possible to describe the recovery of the position of
the magnetometer after the instantaneous relaxation of an
applied torque by a model in which the motion is resolved
into two components:

1) An instantaneous movement of the magnetometer head to

an angular deflection pfoportional to applied torque:

2) A movement proportional to an exponential decay but




reduced in magnitude.
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Thus, for example, a torque step-

function would be responded to mechanically as in figure

6.11,
Fig 6,11 Fig 6,12 Fig 6.13
# | a
[y}
. Actual Torque :
torque indicated o
| by ADC g
) Distortion Electronic 25
=4 due to 5 t_ part w>
s E.ALE, 4 \ 39
=1 . 4 5 &
] [Y=eaa__ - oa
‘ -1
E.A.E. u<
contribution o> | K=exp(d-c)
e i L - @ o
TIME TIME TIME

PLOT OF MODELLED
RESPONSE OF
TRANSDUCER IN THE
ABSENCE OF
ELECTRONIC
SMOOTHING,

CBSERVED TORQUE
INDICATED BY ADC;
THE MCDELLED
RESPONSE PLUS
ELECTRONIC TIME-
CONSTANT.

LUG OF TORQUE AS SEEN
BY COMPUTER SHOWING
TWu REGIMES OF

LINEAR DECLINE FROW

WHICH THE TWO TIME=-
CCNSTANTS AND K CAN
BE CCNSTRUCTED.

'It must be emphasised that this model was appropriate

because the displacement was measured in a way whersby

the mechanical vibration, after a change in torﬁue, could

be ignored.

Combining this model with the smoothing of a

time-constant associated with the inspection of position,

(see figure 6.12) that is the electronic time-constant,

excelleﬁt agreement could be obtained betweén observed

magnetometer output and that predicted for instantansous

relaxation,

Two parameters were defined, the elastic-after-




196

effect time-constant and K, both represented imn figure 6.11.

A test program was written to sample the magnetometer output
rapidly at regular intervals subsequent to a catast;ophic
relaxation of the torque and the results are bortrayed gra-
phically in figure 6.15 in section 6.8. Comparing this to
the prediction of the model in figure 6.13, the gradients

and intercepts defining the two time-constants and the value
of K can be calculated, To account for the elastic-after-effect,
time-constant corrections were generated for a complete torque
curve using the elastic-after-effect time-constant but only a
proportion of the full correction was applied to the data,

- namely K times the full correction, the retrospective scaling
being done en bloc rather than point by point during the re-
cursive calculation.

It was important to apply the electrical time~constant
correction first and then later adjust for elastic-after-effect
Se as to take away the effects of the two in reverse of the
order of occurrence in the equipment. The validity of the two
corrections was manifest in the reproducibili@y of the harmonic
content of particular torque curves whether obtained with a
forward or backward traverse of the magnet.

It was found experimentally that the angular position
indicated by the average of two voltage end-points, corres-
ponding to an angular seperation of 180° in the magnet position
potentiometer, was about 2° from the expected position,
Positional accuracy was improved by inferring angular position
from a linear interpolation of voltages taken every 60°
rather than at the extremes of a 180° interval, The effects

of non- linearity in the positidn potentiometer were thus
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corrected to enable measurements to within about 0.2°
using the voltage outpuf.

The corrective measures described took about one minute
to implement for a 60-point torque curve inputted in a
similar times, A simple shear-correction and Fourier anal-
ysis of the curve using the trapezium rule modified for_un-
equally spaced abscissa and yielding three coefficients took
another minute. The speed of operation was such that in one

day's running, during the Tbde work, 86 torque curves

l=x
were recorded and analysed,

A program which obtains five 80-point torque curves
with all the corrective processes mentioned is given in

Appendix D.
6.7 Calibratioen

; In order to calibrate the torque magnetometer, the

torsional constant of the magnetometer head was measured,

This was done by deflecting the magnetomster with a known
torque using a small beam fixed to the lower suspension acted
upon by a weight (see fig 6.14). The weight was attached

to the beam via a thread fed over a small, clean ball race

in such a way that the weight was redirected normal to the
vertical plane containing the beam and the vertical axis

of the magnetometer. Sticking of the ball race was insig-
nificant since the magnetometer deflection was reproducible
for relaxation from each side of the equilibrium for several
ball race angular positions. The rotation introduced in the
magnetometer by the applied torque was determined by measuring

the movement at a distance of 206 cm of a cross-wire image
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Fig 614
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CALIBRATION OF THE TORQUE MAGNETOMETER

A §IMPLE GRAVIMETRIC TECHNIQUE CAN PROVIDE VERY ACCURATE
CALIBRATION PF TORQUE. '

reflected from a 2.0 x 2.5 cm mirror mounted on the lower
suspension using a remote travelling miqroscope accurate

to 10um. In this way, the torsional constant was measured

to better than 0.1%. Subsequently calbrations were carried
out by croSs-referenéing the electrical output of the torque
magnetometer with the torque indicated by an absolute measure-
ment of the twist of the magnetometer head using the optical

technique mentioned,



Conventional calibration methods, inveolving a search-
coil carrying a known current in a known field, do not as
easily obtain the accuracy of the gravimetric technique
described here, either in the initial determination of the
torsional constant of the magnetometer head or in the al-
ternative calibration method of correlating the electrical
output of the magnetometer head directly with a search=coil
torque applied during each experimental run,

The technique of initially determining the torsional
constant of the magnetometer head and subsequently deter-
mining electrical calibration from torques recovered from
the head movement, was made. possible by the fact that in the
present magnetometer the torque is indicated accurately by
‘the absolute movement of an elastic system whioh, havimg no '
electronic torsional feedback, has a consistent torsional
constant. flagnetometers with torsional feedback involving
electrical amplification stages, sﬁbject as they are to
drift in gain, do not have fixed torsionaliconstants
from which meaningful torque values can bé determined by
absolute measurements of the magnetometer deflection, at
least not to the accuracy desired of the present instrument.
Here, however, the once-only applicatioh of a standard
torque is sufficient for a lasting calibrafion of the head
of the magnetometer.

During the measurement of torques which were too émall
to yield comparative optical measurements, the calibration
was carried out by reducing the lock-in gain by an
accurately known amount and introducing an arbitrary torque

large enough to be measured accurately by the optical method,

199



200

The electrical signal could then be correlated to the
optically measured torque and the final calibration obtained
by multiplying by the factor change in the lock-in gain.
The arbitrary torque was introduced by a cam incorporated
in the magnetometer which could be made to bear appropri-
ately on the lower suspension.

Due to the shape of the leaf-spring suspension, a
change in the torsional constant of the head was produced
by the weight of an attached sample. For the given geometry
of the héad, this effect was negligible, both for the mass of
samples used and for the mass of the calibration beam, |
amqunting to a proportional change of 1d™3 per gram applied

to the sample support rod.
6,8 Performance

The response of the combined magnetometer head and
electronics to an instantaneous change in torque is illus-
trated'in the graph of log torque (es read by the computer)
VS time shown in figure 6.15. The parameters describing the
response, as defined earlier, are derived in the figure

andwere found to be;

Elastic-after~effect time-constant : 0.87 sec

K : 0.082

Electronic time-constant : 0.14 sec

The graphical information was obtained by using the
sampling program given in Appendix E ‘set in operation just

prior to relaxing the magnetometer head. The original



201

Gradient indicates
.= 8 time constant of
approxlmately 0.87
seconds

w
.

Gradient indicates
a time constant of
approximately 0,14

I-j“;l_lllllll

9 3 ' PLOT OF LOG TORQUE AS READ BY
] ‘ TH M VS TIRE FOR AN
; \ TNSTANTANEOUS DROP IN TORQUE
-’ ]
. \
i S
o p
> ]
-]
9 3 K = exp(=2.5)
a 1 - = 0,082
- i 25
z :
= ]
o 6 =
L ;
o | R |
tad - i~
- . I
@x : !
|">"5". |
= 3 I
] o
Q p
= ]
2 b -
'—
B |
()
[» 4
[FY ]
[ ]
pam |
(=]
[¥)]
2
[~ 4
[« o
-
-3
[ ]
o

seconds
2 =
1 Jove RASARAEALS aaL ™ T | T
0 10 20 30 40 50 60 70

TIME IN PET SAMPLING INTERVALS
(1 INTERVAL = 0.059 SECONDS IN PROGRAM USED)

Fig 615




data is also given in the Appendix. The sampling time,
limited by the execution rate of the ADPCs ul-a.s 0.059
seconds per measurement. Appropriaﬁe software counteracted
the distortion of the torque curves arising from this non-
ideal respanse (see section 6.6.2). Later software could
therefore be written and annexed to the corrective routines
by the operator as though no distortion had taken place,

The position potentiometer linearit§ was worse than
1% but accounted for in the software as mentioned earlier
(section 6.642).

The linéarity of the torque, as sampled by the coaomputer,
was excellent; d(torque raad)/d(torque applied) was constant
to within 0.3% over a range of 2 10~2 Nm and required no
software correction.

The maximum torque retainable by the magnetometer head
without damage or fear of altering the properties of the
leaf-springs was judged to be 0.2 Nm corresponding to a lio
movement of the lower suspemnsion. Torques of about 1 Nm
might be possible but operator nerves, if not éccuracy,
would suffer. An example of the quality of fhe torque curves
produced on the X-Y plotter is given in figure 6.16. |

The size of the lower vacuum sheath was such that samples
no larger than 8 mm diameter could be measured. The iongitu—
dinal restriction was about 2 cme. However, if room temperéture
work was sufficient, the lower vacuum sheath could be removed
leaving‘a 2.2 cm gap between the pole-pieces and therefore
much greater room for the samples. The ﬁaximum field was
about 2 teslas and the temperature range, with sheath, uwas

77-650 K,
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Defining a lower limit for the torque range as that
amplitude comparable to experimental noise for the average
of five curves, the sensitivity limit ofthe present device.
was 1(3-B Nm giving a dynamic range of >105; greater than any
reported for a torque magnetometer having no interchangeable
mechanical parts. The sensitivity of the mutual inductance
technique for monitoring suspension position is manifest
by the fact that at the highest sensitivity, movements of
_ 10-7 radian could be measured; corresponding to a displacement
of approximately 35 at the perimeter of a typical samplse.

An analysis rate of about 3 seconds per data point was
typical which included the execution of supplementary software
suited to the particular crystal symmetry. A hard copy of
either the explicit torque measurements or the anisotropy
constants could be recorded after each run using the printer.

The capacity for data collection of a magenetometer with
-an on=line micrecomputer is illustrated by the fact that,
during the cobalt work (chapter 7), about 2 x'lus seperate
readings describing the state of the'instrument were taken
by the ADCs to establish the temperature dependence of the

first four anisotropy constants.
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CHAPTER SEVEN

THE IFAGNETOCRYSTALLINE ANISUTROPY CF CCBALT

7.1 Introduction

In the light of inconsistencies in the published results
on the magnetocrystalline anisotropy of cobalt, the present
work was undertaken, The dependence of the anisotropy
constants on the sample quality and higher, normally
disregarded harmonics in the shear corrected torque curves,
was investigated. 1In determining the latter, the temperature
profiles of K3 and Ka were found for the first time,

1t was discovered that, in some cases, variation in
existing results was due to an inadequate form of analysis
in which the shear~correction of torque curves was incorrectly
carried out. In others the variation was not éasily'rationalised.

The present work was aided by the magnetometer reported
in chapter 6 having a high linearity and absolute accuracy
with the convenience of on-line data processing.

An added incentive for the present work m§s that it
could provide reliable data to test the theorieé of Szpunar
and Lindgard (1879) who have attempted to model the temperature
dependence of the anisotropy of cobalt/rare-earth alloys,
and in particular cbbalt,-by considering the effects of lattice
parameter changes with respect to temperature in a single-=ion

modele This model is given particular attention herein.

7.2 Previous work

Cobalt, having an HCP structuie, has an anisotropy



energy expression which can be written as follouws;

®8.Cos6¢

E, = Ky + K;5in%8 + K,5in“8 + K;5in®8 + K,Sin
as defined in chapter 2, equation 2.2. This equation is

used (or a truncation of it) throughout the liﬁerature to
parameterise the anisotropy; there are no reported instances
of any of the other possible conventions being adopted in
work on cobalt,

Attempts in the p;st to determine the magnetocrystalline
anisotropy of cobalt have led to inconsistent results, the
reported values of K1 having a spread of about 20% at room
temperature (Kaya, 1928; Honda and Masumoto, 1931; Gans and
Czerlinski, 1932; Sucksmith and Thompson, 1954; Bozorth,
1954; Barnier et al., 1961; Kouvel and Hartelius, 1964;
Chikazumi et al., 1965; Tajima and Chikazumi, 1967; Kadenas,
19673 Sievert and Zehler, 1970; Rebouillat, 1972; Burd et al.,
1Q7f; Takahashi et ale., 1978; Takahashi and Suzuki, 1979;

Ono and Yamada, 1979; and Ono, 1981 ). This has arisen
primarily because of the ill-conditioning of the anisotropy
calculations from the data. In some cases, however, when
torque magnetometry has been used (Bozorth, Tajima and
Chikazumi, Sievert and Zehler, Chikazumi et al., Burd et ai.,
'Takahashi et al., Takehashi and Suzuki, Ono and Yamada, Ono)
further errors have been introduced by failure to make ‘
adequate correction for the misalignment of the magnetisation
with applied field, that is, several workers (Chikazumi et
al., Takahashi et al., Takahashi and Suzuki) have Fourier
analysed torque curves im their uncorrectéd form and sought
to retrieve field-independent anisotropies using an

extrapolation of the harmonics on a reciprocal field plot.
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However no simple. justification for such an extrapolation
exists, rather it can be shown (Hofmann, 1964 ) that the
Fourier coefficients of a torque curve sheared in proportion
to its ordinate by Sin-l(T/(dsBUH)), that is the shear-
correction, do not tend to the unsheared values linearly
with respect to 1/B.

Callen and Callen (1960) as well as Aubert (1968) have
shown that it is not only the free~energy of the crystal
anisotropy which contributes to the form of the torque curve
but a.term arises due to "anisotropic magnetisation" (see
chapter 2, section Z.BL which is dependent oh'the intensity
of the applied field, and this results in a field dependence
of the anisotropy constants. Thus a more fundamental
anisotropy can be obtained by extrapolating tuv zero field,
the field dependence of the anisotropy being regarded as a
seperate property., Direct extrapolation of the harmonics
is therefore additionally guestionable since it derives in
principle Lhe anisotropy constants at infinite field.

0f those workers who have made an adequate shear-
correction or used other forms of magnetometry, there is
still however disagreement., Sievert and Zehler, and Cno
have shown experimentally that the anisotropy of cobalt
has a truly field dependent term (not, at least in the latter
case, the artefact of a wrong shear factor), yet the effect
is too small tc cause the given ambiguity in the anisotropy
constants. Such a relative observation of the field
dependence is possible irrespective of the absolute accuracy
of the determination. |

The data existing on cobalt is given in figures 7.1 -
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and 7. 2 where results from inadequately correctec torque
curves are rejected, Of this data the work of Ono stands
out as being'particularly accurate since his determinations
of the trus field dependence of the anisotropy, derived
from shear-corrected torque curves, required relative
measurements of the anisotropy to within a fraction of one
percent. Sigﬁificantly, However, the effects of the third
uniaxial harmonic were not investigated.

Constants of higher order than Ky and K2 are hot given
by any source except for a discrete room temperature
measurement of Ky by Sievert and Zehler. 1t is felt that
the value obtained by them is in error due te an inadequate
shear=correction suggested by the difference betuween théir
lower order constents. and those of Ono or, in retrospect,
the present work. In any case the single K3 value is much
larger than obtained here for the corresponding temperature;
they indicate a value of -3.1!104 J/m3 compared to an
average of about -l.2x104 J/m3 for three samples in the
current analysis.

As pointed out by Barnier et al.(iQGl,b), due to the
inversion of Kl at about 500 K and its continuation to a
magnitude greater than Ko the easy-axis of cobalt uﬁderg@es
a transition from the c-axis, through an easy cone
symmetrically disposed around the c-axis, to an easy c-plane,
as illustrated in figure 7.3 Infact é marginal six-fold
energy dependence due to a finite K4 is observed with respect
to rotation of the magnetisation in the c-plane, so the eaéy
cone is slightly deformed accordingly. The conical state

covers about 80K,
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7.3 The samples

Four disc-shaped samples of cobalt were investigated,
One c~-plane disc and one b-plane disc were cut from the
same float-zone crystal. b-plane discs were also cut from
a Czochralski crystal and a Bridgman crystai. The masses,
measured on an Oertling model 146 high precision balance,
and approximate diameters are givep in table 7.1l. Samﬁle

purities were of the order of 93,99 ¥ .
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TABLE 7.1 DETAILS OF THE COBALT SAMPLES
" , : . MASS DIAMETER GROWTH
| SAMPLE No - | ORIENTATION (mg) (mm) METHOD
1 b-plane 87.67 3.8 Float=-zone
2 b=plane 252.26 4,3 Bridgman
3 b=plane 120,27 449 Czochralski
4 c-plane a8 3.8 Float-zone:

The Czochralski crystal was grown by the author and
Mr Te Brown, thenof the Cavendish Laboratory, Cambridge, at
Cambridge, ona Metals Research BCG 265 crystal puller. The
float-zone crystal was supplied by Prof. Takahashi of Iwate
University, Japan end the Bridgman crystal by Metals Research
Ltde The author's only involvement in the preparation of
the sample discs was the spark erosion and planing of the
Bridgman crystal transferred to the cutting machine on a
goniometer from a Laue back-reflection X-ray cameré.by which
it was oriented. Alignment of the disc with the nominal
crystallographic plane was to an estimated precision of
abﬁut 1°; an accuracy assumed for the remaining samples cut

by experienced workers. All samples were circuler to better



than 1%.

7.4 Experimental technigue

The anisotropy measurements were carried out using the
torque magnetometer of the previous chapter, its large
dynamic range being particulerly suited to the present

measurements in which torque amplitudes varied from 10-2 Nm

(~100.mg cobalt b-plane disc at 77 K) to 1078

Nm (~100 mg
c-plane disc at 400K), The details of the magnetometer
are given in chapter 6.

For the two float-zone samples (Nos.1 ahd-a),
measurements were made over the full temperature range of the
maghetometer, that is 80 K= 610 K. These temperatures were
obtained as described earlier. The remaining two cobalt
samples were cooled to between 80 K and 300 K. Sample
temperatures were measured to an estimated accdracy of 3 K
accounting for, among other things,.thermal lag during typical
sweeps at about 100 K/hour,

All torque measurements were made at a single field
strength, nemely 1.618 + 0,008 tesla, comparable to the field
applied by Ono for much of his werk and allowing reasonable
comparison of the two data sets, The field uwas determined by
using the magnetometer to measure the torque on a search-
coil in a large uniform magnetic field and calibrating a
Hall probe against the calculated field value. This was
possible because of the high absolute accuracy of torsional
measurements from the magnetometer. The probe was thean
applied to the central homogeneous fegidn.df the field of

interest, which was too restricted for an accurate search-coil

213
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measurement to be made directly. The main field was
reproduceoc by duplicating the current thirough ;he magnet
coils as read on a Schlumberger 4045 digital ammeter to a
relative accuracy of about 0.1 % . The Hall probe used was
a Hirst model FM 75, After making a shear~-correction,
anisotropies were derived from a Fourier analysis of the
harmonic' content of the torque curves. A field extrapolation
was not carried out.

Samples were attached to the magnetometer using Holts
"Gun Gum" manufactured as an automobile exhaust sealant and
ideal for the extremes of temberature encountered in the
present investigation. Sample attachment is illustrated
in figure 6.4. No clear assessment could be made of the
anisotropies contributed by stresses associated with
differential thermal contraction between sample, cement
matrix and sample holder during heating or cooling, except
that measurements for Araldited samples glued onto a plane
surface, rather than recessed into a holder, showed no

apparent difference. Inclination of the sample discs with

respect to the field plane was estimated to be less than

3° giving a negligible cosinal error in the measured
anisotropies.

The magnet pole pieces gave a central field homogeneity
of better than 1% over a volume of about 1 cm3 ; well in
excess of the current sample volumes ( 0,01 cmS,).

Using the orientation adjustment of the'sample-support—
rod of the magnetometer, the tip of the rod was carefully
centralised by minimising the indicated torques resolveﬁ

from the sideways forces between a dummy palycrystalline



i o

iron samplé and a small bar-magnet. Careful‘replacement

of the dummy with a cobalt sample ensured the concentricity
of the latter with the magnetometer movement and similar
immunity of the measured torques to pulling of the sample

by field inhomogeneity, It was found empirically that
parasitic torques due to field=-pull could, for an unadjusted
sample support rod, give torque signals with amplitudes of
up to 2% of the room temperature uniaxial values and a
greater proportional effect on the delicate harmaonics to be
extracted subsequently,

Non=linearity of the torque measurements as read by the
computer was found to be no more than 0.3 % (gradient |
fange) corresponding to a maximum harmonic distortion to the
second and third components of a torque curve of less than
0.,15% and 0.,1% of the first (principal) harmonic
respectively with the likely distortion much less than this
in practice. Harmonic distortion due to shape anisotropy
(see results section) was found to be similarly very small
given a 1% variation in the diameter of the sample and a
tendency for this to be elliptical in form.- |

Software which performed the dataiﬁquisition and
corrected for non-ideal magnetometer behaviour (see ch;pter
6,' section 6.6 ) had already been written, a_ﬂd to this was
annexed the analysis program specific to_thé present cobalt
investigations, The full program is given in Appendix F
énd perfqrmed the shear-correction followed by a Fou;ier
analyais; The analysis used a trapezium rule modified for
data spaced unevenly along the abscissg'resulting from the

applied shear-correction and the method of data acquisition.
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Least=squares curve-fitting was rejected on the grounds that
it was slower by an order of magnitude than the Fourier
method, which processed the five torque curvés from one run
of the program in about ten minutes to an adequate consistency
in the determined values., The first three harmonics were |
determined as an average, after shear-correétion, of the
values obtained for each of the five curves from one run.

Rs a further means of rejecting noise in the torque
curves, the phase of the higher harmonics with respect to
the easy=axis was examined and only that component having
a node at the easy-~axis was used in the anisotropx derivation;
higher harmonics which are out of phase with the easy-axis
cannot be legitimate since they do not reflect the crystal

symmetries. The relationships between the anisotropy

constants and the Fourier coefficients (harmonics)
are dealt with in chapter 4.

| During each run of the magnetometer program the torque
curve was calibrated from the movement of the magnetometer
head, measured using a travelling microscope (see chapter 6,
section 6.7), yielding a very accurate peak-peak torque
value for the curves The torque value més entered into the
computer, thereafter to be equated automatically, at the end
of data acquisition, to the range of the magnetometer autput,
allowing all the data to be converted to Nme. A request fér
the magnetisation value at the prevailing temperature,
interpolated from the data of Myers and Sucksmith (1851),
and requests for the sample volume and;fiéld strength were
made to compiete the information necessary for the computer

to perform the shearecorrection of the data and subsequently
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the Fourier analysise.

The data acquisition was such that each experimental
point was derived from four variables (two positional
measurements taken before and after the torque input, the
torque value itself and the time at which the torque value
was taken), and each torque curve was measured at
approximately every 2° along the 0O = 77 interval. Since
five curves were taken for each of about 100 program
executions, the total number of points taken, each to a
nominal 1l2-bit accuracy, was about 2'105. An experiment
such as this would have been impossible without on=line

aquisition and processing of the datal

7.5 Results

Examples of the torque curves produced by the
magnetometer on the X~Y recorder are given in figures 7.4
to 7.6 . Figure 7.4 shows that torque curve amplitudes
satu;ate for cobalt in the l.4 - 1.8 tesla field range even
at liquid nitrogen temperatures for which the anisotiopy is
highest. It can be concluded, therefore, that the field of
1,618 tesla used throughout the praseht investigation was
adequate for producing the single-~domain state under all
expérimental conditions. Figure 7.5 and 7.6 show the uniaxial
torque curves produced over two inte}esting temperature
intervals covering the point of inversion of the first
harmonic and the point of K1 inversion respectively. The
aqisotropy data as computed on-line from the harmonics of.
the shear-corrected torque curves is given in figures 7.7

to 7.16 and tabulated in Appendix G. Comparison of the
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three K1 plots is provided by figure 7.17 which reproduces
simuyltaneously the three suggested fits. Figures 7.18 and
7.19 make a similar comparison for Ky, and Kge.

As mentioned in chapter 4, section 4.2, there is no
religble method for correction of the anisotropy constants
to a field-independent value. The quotation of the cobalt
values at a given finite field is therefore necessary.
However, Ono has shown that the field dependence of the
anisotropy for cobalt is of the order of 1% in a 1 tesla
field range above saturation for the K1 constant. Therefore
field extrapolations would be small irrespective of the likely
‘means. of achieving them,

The inclusion of the third harmonic in the derivation
of the anisotropies has had an adverse effect on the spread
of the datas The third harmonic was in all cases small and
typically about 0.5 ¥ of the first harmonic. However in the
anisotropy derivation it contributed disproportionately to
the values of K1 andez,being weighted by a8 greater factor
than the other harmonics. Consequently its error was
multiplied and added to the values of the two first-order
constants to incréase their spread. The paradox of including
the higher harmonics in the conventional, non-orthogonal
expansion of the anisotropy emergy used here, is that although
mathematicélly,tw definition, it ought to allow more accurate
calculations of the constants, in practice, due to the spread
in the harmonic values, results become more inaccurate since
the constants are subject to the addition of errors from all
contributing Harmonics. Thus the spread for each constant

diverges with reépect to the humber of.harmon@cs used to



229

(M) RNLVYIdWIL

| ISP o

00Y owm

L1-L big

STIdWVS L1V80) 33¥HL 3JHL 804 SLIJ 'Y G31S3DONS 40 NOSIEVAWO3

'Ix E



230

(M) FUNIVY3IdWIL
om@ owm oﬁ_vq 00¢ 00¢ 00l

k1 A L | -

gL-L bid

STIdWYS LT¥80) F3HL HL ¥04 SLH E Bbmm_uu:m_ 40~ NOSIHVdWO]

L A b ] Aed | S — PYSIENY SHEY W WD DN SN WO VY — ------- COV S W — A | W
- .
3

N I~ W N &4+ M N« ©

W
b
€l
- 4

(W/COL) ™M




231

(M) NNIVIIdWIL - |-
009 00S 00Y 00€E 002 001
od o N P 1. R B NPT B N I 0

"rl'l"l'Ii'lI‘ll LI S A ) T VY

6L-L big

STIdWVS 1TVE0) FRHL 3HL H04 SLI * (3LSIDINS 40 NOSIWAWOD -

e




232

calculate it.It is therefore not necessarily expedient in
practice to expand the energy to the highest possible
order. An orthogonal functional expansion of the energy would
be free from accumulating errors in the lower-order
constants with respect to the number of harmonics included
in the calculation deriving them. Arguably the (orthogonal)
Fourier coefficients themselves are the most fundamental
indicator of magnetocrystalline anisotropy and are, for
this reason, given with the rest of the data in AppendixG .
The values of the constants show decreasing consistency
with respect to order, Figure 7.d7 and 7.18 . illustrate the
similarity between the principal anisotropy constants for the
three samples; for K, they are within 3% of each other and 10% of
the values given by Uno in all cases. E xplicit
comparison of these figures with existing data, including that
of Uno., are given in figures 7.20 and 7.21.
The inconsistency of the present results demonstrates
that sample variations, not necessarily intrinsic, have an
effect on the anisotropy, even for carefully prepared
specimens, Sample differences include:
. 1) The crystal quality;- related to initial ﬁurity, the
particular growth technique and, in practice, subsequént
handling.

2) The sample dimensionsj;- the circularity of the disc,

the uniégrmity of thickness and the diameter/thickness ratio
of the disc.

Distinguishing the effects of these is difficult. Furthermore
it was discoveredvthat an inconsistency in the aﬁisotropy .

values for a given sample was evident,depandeht on its short-
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term history, that is, a form of annealing was found to occur.
Defining loosely an annealing process as either
forward and reverse movements of the field over the available
180', or a cycling of the temperature up to ;bout 300 K and
back again, the progress of the anisotropy constants at 80 K,
after a change in the sample orientation of 180° in the b-
plane disc following complete annealing at its previous
orientation, was as shown graphically in figure 7.22. Kz'
and K3 show the clearest change. The effect on K3 was that
a transition occurred which was greater than the magnitude of
the completely annealed value averaged from opposite
orientations. (Data reported for cobalt in this thesis is
for the totally annealed case), Significantly, annealing
wvas only observed at low temperatures, for which the
anisotropy was approaching a value close to the threshold for
multiple domain formation at the prevailing field by a phase-
theory calculation. However, even if domains were present,
perhaps at the edges of the disc (Kouvel and Graham, 1956,
1857), then thé annealiﬁg mechanism is.still obscure since it
would corresﬁond to a diminishing torsional hysteresis for
which the exact progress of the domain battern with raapaét
to fiel& orientation undergoes a tranmsition. It is revelant
to point out that if the annealing was due to the presence |
of domains, then their exclusion after field-cycling cannot
be qQuaranteed, and consequently the low temperature results
may be subject to a small error, It ié‘alsoxrelevent to
mention that this has neither been described nor accounted
for in pest determinations of the anisotropy constants.

Figures 7.23 to 7.24 show the precise effect of the
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‘third harmonic on the calculation of the first two anisotropy
constants and showé that the percentage change, especially
in KZ' can be significant, indicating the necessity of
measuring the third harmonic for accurate determinations of
the lower-order constants.

' To quote the anisotropy constants as an energy per unit
volume, the density of cobalt was required, energy per unit
mass being unconventional. The value of 8,756 g/cm3 was
chosen and corrections for thermal expansion neglected (the
volume changes less than 0.1% below room temperature (White,
1965) and probably less than 1% below 600K )e

The magnetisation values used during the experiment, to
allow on=-line shear-correction, were derived from Myers and
Sucksmith (1851) ; the only extensive data set reported
numerically (cef. Tyler, 1831, Barnier et al., 1961 a,
and Rode and Hermann, 1964 ). These are shown in fige 7.25,

The values of the anisotropy constants given in figures
7« 7 to 7.6 include, by definition, the magnetostrictive
energies associated with the motion of the magnetisation
vector. Takahashi et al. (1978) calculated explicitly
mggnetostrictive contributions to the KZ anisotropy constant
for cobalt using the magnetostrictive;canstants reported by )
flasumoto et al. (1967) and Bozorth (1954) with the elastic
cqnstants of McSkimin (1955) and Tsukiji (1968)., Deteils of
the calculation are given in AppendixHj it yielded an
anisotropic energy contribution of 3!103 J/m3 at room
temperature and 1,7x10% J/m” at 600 K. A similar calculastion
on K1 was impossiblé for want of necessary data. However

the proportional contribution to K, from magnetostriction
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‘is, on average, about one part in 102, suggesting that
conventional anisotropy plots for cobalt, derived from
torque magnetometry or magnetisation curve meésurements,
reflect to reasonable accuracy the true magnetocrystalline
anisotropy.

The critical nature - of the shear-correction is

"illustrated in figures?.ZB-to 7. 28, These three figures
indicate the effect on the calculated anisotropy constants
of a 1% errer in the shearing factor (the factor relating
torque to‘ an angular displacement ) for a field value of
about 1.8 tesla. The error would be cumulative, arising
from uncertainties im the field value, the magnetisation
value or the two Quantities from which sample volumes were
calculated, namely mass and density, Note that a shearing
factor error of 1% produces a relative error of greater than
10% " in Ky for ~ the majority of the temperature range
covered. The anisotropy errors with respect to changes in

the shear factor were computed, while the experiment uwas

running, by epplying differing shear-corrections to the
original torque curves.

Chapter 4 discusses, among other things,'cerFain non-
intrinsic effects that introduce errors into the derived
anisotropies. The two specific calculationé made on the
results of sample ellipticity and tilting of the .sample
disc, were infact, tailored to suit the pondifions of the
present experiment, These calculations showéd that errors
in the anisotropy from the two effects were both small,
amounting to about 10‘3'J/m3 in both cases and contributing

" primarily to the large Kl constant rather than the higher-
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order constants for which such a contribution would be
significant., The care taken in centralising the sample
on the rotational axis of the magnetometer (see section on
experimental technique) eliminated any significant error
due to the third non-intrinsic effect mentioned in chapter
4, namely the torsional contribution from resolved forces
created by field inhomogeneity on the sample magnetisation.
The overall error in the present anisotropy values
for cobalt must, in the last analysis, be an estimate of
the cumulative error produced by the equipment as a whole,
(for example linearity problems in the magnetometer), the
mathematical limitations (principally the truncation of the
anisotropy expression fitted to the experimental torque
curves), intrinsic sample effects that are subject to change
(the annealing process) and non-intfinsic sample effects
(for example anisotropy due to thermal stresses). Realistic
current error estimates are = lﬂa.J/m; 1a.K1,.¢104 J/m3
for Ky, $5%10° 3/n’ for k3. and & 10 3/n for Kk, .

Having taken into account most forms of experimental
error, there remains evidence for an intrinsic sample
dependence in the value of the magnetocrystélline anisotropy
of cobalt. The origin of this variation may be the

differing purity or crystal perfection of the specimens,

76 Theoretical modelling of the anisotropy

There have been many theoretical explanations made of
the temperature variation of Kl and K2 for cobalt. These
have involved either the single-=ion model for the aniSQtroPy

(Zener,. 1954; Carr, 1954, 1958; Szpunar amd Lindgard, 1979)




a combination of single- and two-ion models (Yang, 1976),

or the itinerant electron model (rori et al., 1874; Ono ana
Yamada, 1879), Of these models, only that of Yang succeeds
in fitting the data satisfactorily, but this is not
necessarily significant since the model involves 4 adjustable
parameters in the functional form to which thé data is
fitted; it may not be due to the resemblance of the model

to physical realitye.

All the above workers, with the exception of Zener and
Yang, recognise the fact that, for an accurate prediction
of the anisotropy, the change of the c/a lattice parameter
ratio must be taken into account since it affects directly
the crystalline electrostatic field upon which the anisotropy
. dependse Since the change in lattice parameter ratio with
respect to temperature for cobalt is not known precisely,
none of the modeis can be tested rigourously.

Figures 7.29 to 7.30 show plausible temperature
dependences for the first two anisotropy constants of cobalt
according to the simple single-ion model for c/a values
devised to best generate the observed anisotropies. The

postulated c/a values are compared to the available
sxperimental data in figure 7.3l1. It can be seen that a
totally self-consistent set of profiles for the temperature
dependence of the anisotropieés, as produced by the single-
ion moael; can fit the experimental data for K1 and Kz
almost perfectly for a contrived c/a profile which fits

the known profile to within the c/a experimental error.

246

The details of these calculations are givgn in Appendix B with

a ‘paper by Szpunar awaiting publication. The c/a values
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for cobalt have been determined by Sekito (1927), Wyckoff

(1931), rarick (1936), Neuburger (1836), Ellis and Greiner
(1948), Taylor (1950), Owen and Madoc-Janes (1854),

miller et al., (1967) and Goddard (unpublished). Iuch of

this wark_mas carried out at room temperature: only. All

the available data is included in figure 7.31,

It must be emphasised that the simngle-~ion madel with
~lattice parameter effects has not been vindicated by the
present work since the required c/a dependence on
temperature is so uncertain. Furthermore, the values
calculated by Szpunar for the first twe anisotropy constants
implicitly define, on the same model, values for the
higher order constants, and these differ significantly from the
measurements made herein. For instance, the values of Ky

and K, should, on the simple model, be proportional, which

4
they are manifestly not according to figures 7.13 and 7. 16,
Even .if, ‘as for Ky, there is a sample dependence in
the values of the K, constant, which might obscure a more
intrinsic proportionalitf, the ratio between the two as
predicted by the model is such that the data could not be
consistent with theory; the model gives K3=-231 K4 whereas

the experimental average ratio is about_K3=-2.K4.

7.7 Discyssion

Crystal perfection is difficult to achieve in cobalt
because of the structural phase transition that a crystal
undergoes when cnéling from melt temperatures. This occurs
"at 680 K for large single crystals but for polycrystalline

materials with many grains, the FCC structure may be

 ————
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retained, or partially retained, at room temperature (Uwen
and Madoc-Jones, 1854). Dislocations generated at the
interface for the phase transition will be numerous. The
somewhat belated analysis of the anisotropy of cobalt that
has occurred in the literature has been the result of early
difficulties in producing good crystals partly for this
reason. Furthermore, any imperfections, once introduced,
will have a significant effect on the iocal crystalline
environment by the same mechanism that permits the FCC
structure to be retained at rocom temperature in finely
segregated polycrystals. It is therefore plausible that the
anisotropy of cobalt crystals differs due to variations in
the degree of disturbance to the crystal structure, and that
such variations are responsible, in the preseant analysis,
for the inconsistencies in the results, The fact that the
crystals, from which samples No 1, No- 2 and No 3 were
takeﬁ. were all grown by differing techniques, is a good
reason for expecting the necessary differences in sample

perfection.
7.8 Conclusion

The present results for the magnetocrystalline
anisotrﬁpy of cobalt indicate that there is an intrinsic
sample dependence related to crystal perfection, the
impurity variations between the present samples being too
small to explain the differences. This is compatible with
the history of inconsistent results for the anisotropy
values reported. in the literature.

The present analysis has yielded, for the first time,



the temperature profiles of the K3 and Ka anisotropy
constants of cobalt. These have values which are typically
about 1% of the large K, constant.

The inclusion of values for the third harmonic from the
uniaxial torque curve. in the derivation of the first two
anisotropy constants has led, in the case of Kl’ to a
negligible additional contribution to the computed value’
but, in the case of K2, to a contribution amaunting to up
to 10% of the original value.

Quantitative theories predicting the observed
anisotropies of cobalt have not yet been proven. The two
contending models (single-ion and.itinerant electron), are
both modified by the thermal change in the lattice parameter
ratio and require an accurate knowledge of it. The attempt
here to show the consistency of the predicted lattice
parameter ratios, derived from the observed anisotropies
using a single~ion model, with experimental values, has
been indecisive; the available c/e data is too poor. The
available models, which are not exclusive, cannot be
validated without an accurate knowledge of the c/a

temperature dependence,
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CHAPTER EIGHT

THE NMAGNETUCRYSTALLINE ANISCTRGPY
CF_TERBIUN/GADOLINIUM ALLGYS

B.1 Introduction

The work described in this chapter is the continuation
of a pro ject at Durham on the properties of the terbium/
gadolinium alloys and was carried out in collaboratién with
R.0.Hawkins (1882). The project was begun by A.A. Joraide
(1980) who made magnetostriction measurements. During the
present work on the anisotropy constants, Hawkins made
measurements on a rotating sample megnetometer of his own
construction and alsoc performed, independently of the author,
some torque magnetometery using a conventional ligament
suspension feedback instrument (c.f. Pearsons magnetometer
mentioned in chapter 4 ). The R.S5.M. work was very limited
and will not be mentioned here, but the latter yielded much
of the Ky data and thanks for this are again expressed.

The terbium/gadoiinium alloys give a valuable insight
into the anisotropy mechanism of terbium; a material which
manifests an anomalously high energy density in this repect
(K1 = 108 J/m3 at 0K).This is because gadolinium, which in the
pure crystal has only a very small anisotropy, acts as an
almost ideal diluent for terbium since their crystalline
fields are almost identical . Conéequently gadolinium can
be accommodated into the terbium lattice without, for
instance, changing.the single-ion contribution to the

terbium anisotropy, since the crystalline environment for
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each ferbium ion remains essentially unchanged. Nor does
the gadolinium contribute a significant masking anisotropy
to that produced by the terbiume. Thus, for a single-ion
model, anisotropy would fall off linearly with respect to
dilution, representing merely the proportional loss of the
active material, Hoﬁever a two-ion model would predict a
much faster decline in the anisotropy corresponding to a
weakening of the fundamental mechanism due to seperation of
the terbium ions from each other. .
The structure of all the terbium/gadolinium alloys is
the same as that of cobalt, mentioned in the previous
chapter, namely HCP, and the same anisotropy energy

expression will be adopted;

4 .
B + K,5in"8.Cosb¢

Sin%8 + K.Sin 6

E o * K1 2

= K 8 + Kasin

k

The cholce of this convention is somewhat arbitrary siﬁce
existing work has involved, in some cases, other
convehtions, particularly that. of eqn. 2.5. In the present
work only K1 and K4 were determined,

An important reason for repeating the investigation of
the anisotrohy constants for the terbium/gadolinium alloys
is theat errors could have arisen in previous result§ due to
the presence of impurities in the alloys then available.
This was suggested by the sharp dependence of the properties
of gadolinium metal on the presence of non-magnetic
ipclusions in the crystal lattice as found by Smith et al.
(1977), in particular the effect oh the anisotropy. The
availability of very high purity samples of terbium/

gadolinium alloys from the Centre for iaterials Science,
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Birmingham, has encouraged , therefore, a fresh investigation
of these alloys,

8.2 Existing work

B8.2.1 On gadolinium

lieasurements of the anisafrowy canstants of gadolinium
are extensive and have been made by Corner et al. (1962),
Graham (1962, 1963, 1967), Darby and Taylor (1864), Birss
and Wallis (1864), Belov et al. (1968), Tajima (1971),
Tohyama and Chikazumi (1873), Franse and lihai (1977) and
Smith (1978) using torque magnetometry, and Féron and
Pauthenet (1969) and Féron st al. (1970 a,b) using
magnetisation curves, Smith et al. showed that the presence
of non-magnetic inclusions in gadolinium alters significantly
the measured values of both the first anisotropy constant,
Kl’ and the easy direction of magnetisation, amd in
subsequent wark (Smith, 1978) made the most recent, most
complete and most reliable results on particularly high
purity samples. The temperature dependence of the first
ani;étropy constant,Kl, was found by Smith (1978) to be
associated with a combination of single- and two-ion
mechanisms while K2 seemed to suggest single-ion qrigin
only. K, was found to follow the 21St power law with respect
to magnetisation; consistent with the single-ioﬁ model. As
already implied, the anisotropy of gadolinium is negligible
compared to that of terbium ( KllDKék -10° J/ms).

8s2,2 On terbium

Terbium anisotropies have been given by Rhyne and Clark
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(1867), Bly et al. (1968), Rhyne et al. (1968), DuFlessis
(1969), Féron (1968), Wagner and Stanford (1963), Féron

et al. (1970 a,b), Shepherd (1976), Birss et al. (1977 a,b),
Nikitin and Arutyunian (1979) and Corner (unpublished) using
a variety of methods including torque magnetemetry, analysis
of magnetisation curves and magnetostrictioe coefficients,
rotating sample magnetometry and ferromagnetic resonance.

OK and 80 K values are givem in table 8.l. . Additionally
Birss et al. (1981), from anisotropic magnetisation in

terbium, deduced K, values which declined from 7.5-*104 to

4
0.4%10% 3/m® between 95 and 170K. The work of Corner was
done at Grenoble, Frence after the present results had been
obtained. The temperature dependence of the first
anisotropy constant, Kg, has been measured by Rhyne and
Clark, and Féron by torque magnetometry and the magnetisation
curve hethod respectively and was found to fit the single-ion
model quite well. The Kg constant was found by F€ron to

fit the I function strikingly well; again indicating the

9/2
single~ion model. There is, however, a discrepancy between

Kg coefficients( = K, ) as reperted by different authors.

' Féron, Rhyne and Clark and Bly et al. indicate that the

Kg coefficient follows the 19/2.15/2 functiopal dependence

of the model of Rhyne and McGuire (1872), but Birss et al.
(1977 a,b) describe a good single-ion dependence. The
recent work of Corner has shouwn, .in the case of Kg, a fair

single-ion dependence.

B8s2.3 On terbium/gadolinium alloys

Uf direct relevance to the present investigation is
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the work of Tajima and Chikazumi (1967 b) and Tajima (1871)
who measured Kg, K2 and Kg for one low terbium conceantration
alloy, the work also of Nikitin and Arutyunian (1875} and
Corner (unpublished) in which Kg and Kg were measursd for

a number of alloy'compositicns, and the work of Bagguley

et al. (1580 a,b) in determining K, and K,, again for a
number of alloy compositions.

L In order to draw comparisons between existing data,
constants were adpited to correspond to a single convention
for the anisotropy expression, namely that of equation 2.2.
The data of Tajima is given explicitly (fig 8.1) but no
conversion was attempted since the anisotropies were tco
small in TbO.OlBBdO.QBZ for a useful comparison with the
remaining data. Corner derived values of Kg from

nagnetisation curves by assuming that K2 and higher

coefficients in the uniaxial anisotropy expression were
zero, his Kg values could therefore be scaled directly-by
3/2 to yield Ky (for the relationships between constants of
the two relevant conventions see AppendixA ). Nikitin and
Arutyunian found that higher order coefficients were s@gll
and also neglected them, again enabling an easy conversion

0

of K0 to K Féron published KZ and'KE values (for pure

2 1°
terbium), so the Kl derivation required the second term in
equation.A.lé. The-original uniaxial data of Féron is
given explicitly in figures 8.2 and 8.3 and the derived
values of kl appear in figure 8.4. The constants describing
the basal=-plane anisotropy ééquire the same values in both

conventions and can therefore be plotted interchangeably.

All available data is portrayed in figures 8.l to &.7.




A single~ion model
produces, given certain
approximations, a linear
dependence of the anisotropy
on alloy composition,
Extrapolating the values of
Tajima to 100% terbium,
(regarding terbium as the
active contributor to the
anisotropy) gives a value

which is within a factor of

two of that measured for pure -terbium.
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E.XISTING DATA FOR K, VS TEMPERATURE FOR Tb, Gd,, ALLOYS

<

PURE TERBIUM DATA

+ BIRSS ET AL.
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" @ NIKITIN AND ARUTYUNIAN
4 RHYNE AND CLARKE a=~AXIS
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Kg anisotropy constant, the single-~ion model. However a
simple fourth power law in the magnetisation gives a much
better fit fdr the high.terbium concentrations, The basal-
plane (c~plane) data of Corner suggests very clearly the
magnetoelastic mo&el of Rhyne and McGuire for all
compositions.

Tajima et al. ussed torque magnetometry to determine
anisotropy constants. Nikitin and Arutyunian used
magnetisation curve measurements to determine Kg and
torque magnetometry to measure Kg. Bagguley et-al. used a
microwave absorption té&hnique and Corner used magnetisation
curve measurements throughout. Some of the differences in

- the results may be due to the differenﬁe in the techniques

used, for instance the results of Bagguley et al. are, in

lsome cases, at variance with the rest; but so ;s their method of

determining the anisotropy. It may be that thé resonance

experiments ofABagguley et al., which measure the anisotropy

during an oscillation of the local.megnetisatiﬁn vector in

an effective field, due to the dynamic nature of the sensing

technique, measure a fundamentally.different anisotropy.
'Existing measurements of the anisotropy of the terbium/

gadolinium alloys show that there is no inversion of Kl

with respect to temperature as is observed in pure

-gadolinium, thus the eassy-axis remains in the b=

direction,

8,3 The samples

The constituents of the tarbium/gidolinium alloys were

purified by solid state electrotransport (see Verhoeven,
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1966)s In this method a large direct current is passed for
about one week down a cylindrical sample heated to within
about 200°C of its melting point. The large electric field
effectively transports the impurities to one end aof the bar.
The process is carried out under extremely high vacuum or
in a high purity inert gas (ll’.l-g torr or equivalent).
Charge sizes are determined by a compromise between the
convenience of purifying a large amount of material in one
tun and the necessity of limiting diameter in order that
the surface cooling per unit veolume can adequately
.counteract the electrical joule heating. A typical sample
diameter would be about 8mm, Zone refiming (page 55 ) was
also carried out to purify the elements. The alloys were
fprmeq by recrystallisation annealing under argon. Final
purities of about 99.9% were indicated by the ratio of the
zero and room temperature resistances of samples taken from
the same source, Purities were maintained by storing under
argon where possible. ‘

The samples were sﬁark-cut into discs about 5mm in
diameter and about lmm thick with one of the three principal
hexagonal axes normal to the disc plane. Sample masses.

were measured on an Oertling high precision balance, model
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146, to better than 0.1%. Full details are given in table 8.2.

B.4 Experimental technigue

The majority of the torque measurements on the terbium/

gadolinium alloys were egrried out on the instrument
reported im chapter 6. Thse Qide dynamic range and robust

nature of this device made it uniquely appropriate for the



present measurements in which torques varying from 0.1 Nm
(produced by the 260mg, 90% Tb, b-plane disc at 77 k) to

=5 Nm (produced by the 130 mg, 10% Tb, c-plane disc at

10
260 K) could be accommodated without modification to the
instrument. The fact that some of the c-plane work was
done on a conventional ligament suspension feedback
instrument was because the new magnetometer was
incomplete at the time.

The particular ligament suspension magnetometer used
here has been described by Corner et al. (1862) and in
detail by Welford (1975) and Smith (1978), It is based on
thé design of Pearson described in chapter 4. The details
of the construction are given in figures 8.8 to 8,11,
Figure 8.8 is a simplified diagram of the electronics. The
optoelectronic components consisted of two OCP 71
phototransistors sensing light reflected by a mirror on the
suspension from a 150 W, 21.5 V bulb collimated by a 10 cm
diameter, 30 cm focal length lens, The out-of=balance
tofque signal from the two amplifiers, each denoted A, was
combined with the output of a position potentiometer on the
base of the magnet to yield torque curves on a Phillips
PM 8141 X-Y recorder. The magnetometer was interfaced to
a Commodore PET microcomputer system identical to that
described in chapter 6 allowing the automatic acquisition
and processing of data, The software used was a simpler
form to that developed for the new torque magnetometer and
is given in Appendix I, Figufe 8;9 is a self-explanatory
diagram of the moving element of the magnetometer 'showing,

among other things, the use of oil-damping vanes; a
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o )
D oY |
_ \ Y }
Vo
A ~ Amplifier J - Fixed resistor ( 220 ohms)
* B -« Plane mirror. K = 2 volt accumulator
C -~ Counter-torque coil L ~ X-Y recorder -
D - Crystal specimen M - Warning meters
E - Electromagnet P™,PT2 - Phototransistors
F - Slide wire over transparent S -~ Light source
insulation on magnet scale T - Illuminated slit
G - Sliding contact ° U - Lens, forming image

H -~ Rails or which magnet moves - of T on PT1 and PT2

Fig 8:8 The Torque Magnetometer: Principles of Operation.

(after welford)
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r O

!- Zero adjustment

Tension adjustmen

.Tension spring

'Locating hole in A
diameter 0.013"

’2 .
‘Suspension wire
diameter 0.01"

Brass s-upportingA -—'v'm _ II Il

. frame_ o

Plate A slides on plate B, rotating about the

pivot P1 and being moved by the screw Si. ) _

FPlate B pivots about P2 and is moved by S3. ; QMW
.Holes of diameter §" drilled in plates B& C

and the supporting frame allow the suspension

wire a range of movement of ¥ 5 mm from its

central position.

- Fig 810 The Upper Suspension
(after Welford). ‘




Upper Suspension

(detail in fig.8.10)

Brass cover
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. N -
3
S

Brass base plate

62cm.

Figen

Cross~section of the
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(after Welford)

gt




development of the oriﬁinal design of Pearson. The support
fdr the upper suspension fibre is illustrated in figure 8. 10
and a cross-section of the vacuum system is given in figure
8.11.

Calibration of the magnetometer was carried out using
a 40 turn, 21,2 mm diameter search-esil of 42 SWG copper
carrying current from a Farnell E30/2 power supply through
a digital Avometer model DA 116. Field values were
determined using a Hall probe and standard magnet. The
calculated torques were found to indicate linearity in the
magnetometer to within 1% for output signals of up to 0.1 V

corresponding to the 1073

Nm which covered all the Kyg
determinations.

The ligament suspension magnetometer had a sample
space suitable for discs of up to 6mm diémet-er, which was
adequate for the present work, and a temperature range of
77K to BODlQ. femperature control was achieved by using a
liquid nitrogen dewar to provide radiant cooling in
competition with the conductive heating of an internal
resistive coil. Infact a helium gas-flow cryostat was also
available but in many cases the hulding‘tarque nf. the'
magnetometer was insufficient to constrain the high.torqdes
developed in the very low temperature regime, consequentl& _
the measurements were restricted to 77K and above, A copper-
constantan thermocouple, fed to a Schlumberger 4045 digital -
voltmeter with laV resolution, measured sample temperatures
with an estimated thermal lag of typically two or three
degrees during temperature sweeps of the full range lasting

about one hour. Field homogeneity in the conventional iron=—

21
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yoke electromagnet was better than 1% over a volume of

30 cm3

about the field centre and up to l.l tesla was
available for currents of 180 amps. (The magnet was that
of Roe, 1961, mentioned in chapter 6, section 6.5.)

Attachment of the samples in the liggment suspension
magnetometer was with Durofix. The attachment of the b-
and a-planediscs to the new magnetometer required a much
stronger glue due to the remarkable torgues generated,
especially by some of the high terbium samples (the force
operating tangentially to the perimeter of a5 mm terbium
disc of 1 mm thickness in a high field is about 40 N and the
force per unit area on the surface is therefore about
2.5%10° N/n? or 340 Lbs/sq.in.). Samples fixed with
Araidite were detached using chloroform as a solvent uwhereas
Durofix required only acetone.

In the case of K,, the anisotropy data was obtained '
from torque curve gradients taken at the easy-axis. These
were taken from the plots recorded on the Phillips PR 8lal,
rather than derived on-line, since for thé very simple
manuai.determinations of the curve inclination of this.kind
.the inconvenience was minimale The analysis method has been
mentioned in chapter 4 and assumes that the contribution of
higher constants in the uniaxial torque expression are
negligible. The easy-axis method was necessary since
saturation, that is achievement of the single domain state,
was discontinuous in most of the samples at the abailable
fields. The K4 analysis was performed Bn-line and involved
a straight forward Fourier analysis of the sixty data points,

taken over the 180° rotation of the magnet, yielding the
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amplitude of the B8 harmonic to which K, is simply related.

8.5 Results

Examples of the torque curves produced by the terbium/
gadolinium alloys are given in figures 8.12 and 8.13. The
28 and 68 harmonics were the fundamental components of the

uniaxial and basal=-plane torque curves respectively.

K, measurements were made by deriving a corrected
torque curve easy-axis gradient by applying a shear-
correction to the small region of the torque curve for
which this was legitimate; a region around the easy-axis
of an angle dependent on the particular sample anisotropy
and applied field strength-and for which the single domain
state occurs. The small section of coerrected curve was
then assumed to be part of a sinusoid produced by a material
with finite Kl constant only. The computed anplitude then

yielded K, values which are portrayed in figure 8.14 and

1
given explicitly in Appendix J with the field. values used

in each case. The derived anisotropies refer to finite
field values (measured at about 1,8 tesla) and no field

" extrapolation has been attempted. ilagnetisation’values

were assumed to be isotropic yet, as discussed in'chgpter 2,
section 2.6, terbium alloys are materials for which this is
not likely to be correct, at least for temperatures
approaching the Curie point. Furthermore the errors
introduced by assuming negligible higher-order constants
will almost certainly be significant, yet for neither of the
latter two effects is there quantitative information

available to assess the erroneous contribution.
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.Ae mentioned earlier, K4 data was derived from the
amplitude of the 6B harmonic in the basal=plane determined
by the computer which, in the absence of shear-correction
qnd Higher harmonics (this was assumed because the
observed torque curves were apparently sinusoidal), was
related very simply via the sample mass to the anisotropy
constant at the prevailing field. A conventional
extrapolation of the anieotropy constants at a given
temperature to infinite fieldusing a reciprocal-field plot
yielded the data portrayed in figure 8.15 and recorded with
the intermediate finite-field data in Appendix J.

| The validity of an extrapolation of the kind applied
here to K4 is suspect.since there is no justification for
assuming limearity in=1/BD. Infact it can be shown that
for the higher terbium samples the applied fields could
not have saturated the samples and that the increase in the
measured anisotropies with respect to field was due rather
to a canting of the magnetisation in different domain

phases. The;canting magnetisation was observed as an

increas;ng torque amplitude due to an increasing resolutlon

of the torque between local magnetxsation vectors and the

anisotropy field in the plane of the sample disc.

this latter mechanlsm would yleld a fairly complex
functional dependence between field and observed anisotropy.
Thus even if intrimsically, in the single domain limit, |
anisotropy tended to a limit linearly withtl/BU, the
extrapolation would be invelid for many sawples due to the
break down of the magnetisation imto phaseses However, of

several arbltrary extrapolatlons attempted in powers of
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l/BO, linearity was best achieved with respect to K, by

the simple l/B relatlonshlp and this was consequently used.

- Pibts of the composition dependence of both Kl and Ka
at 80K are given in 8.16 and B.l?. Extrapolations of the
present data to OK by the best theoretical fit (anticipating
the results of the next section) are given in figures 8.18
8.19, Comparisons with existing data are made in these
figures. Figures 8,20 and 8.21 show dirsect comparisons of
the present temperaturs profiles and those of others,

Such was the anisotraopy of the high terEium
concentrations that the Ky analysis suffered from an ill-
conditioning whereby the corrected easy-axis gradients
approached parallelism with the torque axis. For this
reason the 90% terbium plot is omitted since in some cases
negative anisotropies were obtained (corrected curve
gradients 6henged sign) and indeed the 50% terbium plot is
rejected as inaccurate. Appendix J gives  these results

with the remaining data.

The corrections to the easy-axis gradient that were
made in the derivation of Ky required values of the
magnetisation and two sources of the maénetisatién with
respect to temperature were available; the data of Bagguley
et ale (1980 a,b) and the.recent data of Corner. Both data
sets agreed to within, typically, 1% and were consistent to
that accuracy with interpolations derived by Joraide (1980)
from data on pure gadolinium (Nigh et al., 1963) and pure
terbium (Hegland et al., 1563). ﬂagnetlsatlon values of
Bagguley et al. were erbitrarily adopted and interpolated

where necessary for certain compositions., The values of the




T TR

280

00l .8.8. OL 09 05 0% O 0Z O 0

9—-@-p

m.

(4L %) NOILISOdWO)

L1-8 b4

@ pyr—Qp=y

S1INS3Y INISI¥d o

SIXV=8 3INHYIJ ONY 3NAHY A

SIXY=8 INUYTIJ ONV 3NAH¥Y v ¢

NVINNALNYY CGNYV NILININ ®
NOY¥34 0

43NYO0ID 4

‘W 13 A8 0

°IV 13 SSHIE @

*Y 13 A3TN99YE X

- 0
= |
XA
”m
ks
w.mu
(=]
X
. 9 <«
e %
-Nl\
E 8
- 6
.._op
= Ll
¥4
£ €l

(B
1

(91%) NOILISOdWO)

00L 06 08 OL 09 05 0% Ot 0Z Ol

9.8 b1y -

S1INS3Y 1N3S3Yd o

INYVYI] ONY 3INAHY A
NO¥34 DO

Y3INYOI +

‘v 13 A37Nns9ve X

VivVO 'ONILSIXI ONV LN3S3¥d 40 NOSI¥VdWO)D

'Y 08 1V SAOTIV “"PDQL ¥04 NOILISOAWOI SA *M ONV '

m

')l.

(WIr 1)




261

S1NS3¥ IN3ISIYd ©

(s3xB=q -7 «B) INYVID ONV 3INAHY A
NVINNALNYY GNY NILININ e

NOu34 O

s15531dha @

H3INYDD +

v 13 A8 O
*IY 13 SSNIg @

W 13 A3MN99VE X

K

B

(WIF 0L

ql %
001 0s 0
Y Iy - 2 a 2 A A Y w °
8l-8 bt b
- |
[ ]
.y {
® W . lN
x o
~-€
a -9
| o
-
| ¥
+ -9
v X .
+
- 8
>_ SLMSIY IN3S3INd ©
+ QUNJNVIS ONY UINIVA O
. ST 13 INAHE Y | 6
YV ONY INAHE A
NVINDALAMY QGNY NILININ o
NOu3s B
.siss3wha @ | oL
u3INNOD + E
*W 13 A37099VE X
o

VIVO ONIISIX3 ONY %0 OL SNBILVI0dVHLX3 LN3S3ud =0

1

'y




282

(M) FANLVHIdWIL

0sZ 002 o0st 0oL 0s 0
RN = MY .
:Ilwll I.Qal . Y P
oy -
; Ig Illlll. N m —
'l‘ '/‘ i
JVI III’ - . 0‘
o/.llo Illfta:oa o —
/J// Ny K =
N Sao 8) mhmmhw:- -
[ - -
9, 4% % ., T
ViV IN3S3Ud o NN 2 .
. ., . Y~ 2
. > ~
QUOJNVLS ONY YINVA® . S RN SN - 8
SIW 13 INAHY ¥ 5 ~ ~ A
3MNVID ONV 3NAHY & : . - ~< .
NVINNALNHY ONV NILININ @ \ TV e
* NO¥3d @ . _ 8 TUF6 ;
$15531d00 Q- N : u
Y3NN0D ’ . Twy . .
ViVO unIau3L 3und . B, - 01
0z-8 b4 a. 4 .
-
L1

VIVO ONILSIX3 ONV LN3S3dd 40 NOSIYVAWO]
'SACTIV *'PD*AL Y04 3IUNLVYIJNIL SA M

BT VR S . . P, Y O




i s Moo W

A - R

K, VS TEMPERATURE FOR ‘Tb.Gd, . ALLOYS;
]‘o % COMPARISON OF PRESENT AND EXISTING DATA

Fig 821

PURE TERBIUM DATA

" 4 BIRSS ET AL,

O BLY ET AL.

D DUPLESSIS

D FERON

@ NIKITIN -AND ARUTYUNIAN
4 RHYNE AND CLARKE a-AXIS
¥ RHYNE AND CLARKE b=AXIS

_ © PRESENT DATA

110° M)

K,

o _""so'- S 0 :1so-
“TEMPERATURE  (K)



284

 3ANM.
13l
- 1S3HIH

d3ls
SNOTVWONY

2Z-8 b1 | L

VIS3L 561 ONV OL-LSTL 9k P
30 SOT3Id NI X181 IV ""P9*qL 40 JSI0 INV1d-D %

Bug.9z v A8 03INA0Yd SIAYNI INDHOL SNOTVWONY

IR o e I




TR NG DT

qhosen magnetisations are tabulated in Appendix J along
with the easy-axis torqué gradients fram“whiéh, after
caorrection, the K1 values were derived,

The errors that have arisen in the present measurements
of the anisotropy of the terbium/gadolinium alloys, érising
ultimately from the small fields available from the
conventional electromagnet of the current apparatus, have
prevented, in the last analysis, a clear assessment of whether
there is a change in the anisotropy with respect to sample
purity. It is yet unproved that there is a purity dependence
of the magnitude observed in gadolinium by Smith et al.

(for example 20% change in Kl.far a 1% oxygen addition) .in
the terﬁium/gadolinium alloys.

One particular observation made during the present
investigation was that for.a certain temperature and alloy
composition anomalous torque curves are produced. This was
mentioned by Tajima who offered no explanation and it has not
been reported since. Thg anomaly is shown in figure 8, 22
and represents a rqductiun in the observed torque in an

interval around the hard=axis.

8,6 Theoretical modelling of the gﬁisntrogz“

The theoretical temperafurb dependences of the
anisotropy constants for several moaels have beeh discussed
in chapter 2. 0©On the basis of these, least squares fits
for the predicted functional forms were ﬁade to the
experimental results reported here. The fits are;

. 1) A simple power law in the reduced magnetisation m(T);

K (T) or K, (T) = a(m(T))P eee(Ba1)
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2) A single-ion fit due to Callen and Callen featuring
the reduced hyperbclic Bessel function (of order appropriaté
to the constant being described) of the inverse Langevin

function of the reduced magnetisation (see Appendix K);

K, (T) czs/zclrl(m(r))) cee(8.2)

1

Note that the model of Callen and Callen defines the
temperature dependences of the Kg constants and thet in

equation 8.1 the functional form is valid only if the

“higher order constants -in the anisotropy energy expression

are assumed to be zero since here the constants are defined
in a different expression,where constants only correlate
by a simple scaling factor if the subsequent ohes are zero.
However this assumption has already been made in order to
derive experimental values for both K; and K,.

3) An ad~hoc two ion model with a square'dependence on

reduced magnntisation;
Ky (T) or K, (T) = d(m(T))? - - cee(Bat)
4),A.combination of the single-and-tmo-ion'models;
K(T) = el (T m(T))) + £(m(T))2  ..u(8.5)
K,(T) = el 5 & n(T))) + F(n(1))? eee(8.6)

5) A special k, fit due to Rhyne and cGuire from a
model which considers magnetoelastic interactions between

ions;

Ky = 8155 m(T))) g/, (a(T))) eee(8.7)

286



'. 289

puodsexioa 6 pue (j+8) .m ¢g ¢g

€8 31avl

*uADys ST I01J8 selenbs-3sesl 8Yy] °sjuejsuod Adoljostue sxnjerodwel-ol8z 8y3 03

v .
LIELT R

_% C ot pue

t

¥ 303 W

n-

Co

Ol UT B8lIe senten

‘g 1sjewexed sseTuoTsuawIp ay3 Jjo uorjdeaxe syl YIINM ..cx pue wx ou:muocmu Adoxjosyue eyj3 Jo

spduepuedep eanjezedwe) Ted730108Yy3 8Yy3l 104 sxejeuwered syqejsnfpe ,374-388q, 8Yy)l

99°97 | 86°0 | T2°0 | 8to°0 |Zz00°0 -1 - - - (9)%.
§2°2Z | 6T°0T| »1°9 | ¢€»°T | Ss°0 - - - - 6
0T°0 | 1£°0 | 65°0 | 2T0°0 | ¥0O*O|. || 8T°TT| ve*L teeeo| 2vo°0 (z9)2
L¥°cv | 60°6T| 96°6 | 9v°2 | 28°0 ‘| ee*0z| L1%2T| T0°v| BB°0| (4 + 8)
LE*0 | LT°0 | ¥»°0 | »S0°0 | TS0°0 L9*c-| zo*t-| oo°1~| 9c°1~ J
OT°cY | 26°8BT| 25°6 | Tv°2 | LL°0 || oo*ve| s1°ct| to%s | weez °
Lv*Ls | LB*9T| so°y | .£°0 | L£0°0 . ] so*ec | ozost| suvet | este0 (;9)X
L2z*v |ev*z | og°t | sc°0 | at°0 || e6°at| vs*01| we°c| scoo p
L9°0 | L£%0 | OT°T | 8T0°0| BOO°O s.°ctT| oL°L | sec*o| weo*0| (,9)%
08°Sy | 28°6T| TE°2T| ¢9°2 | 66°0 , 1| sL*sT ] voter| u8°c| ei°0 °
g0 | .60%0| 21°0 | soo*c|sto0°0 | Betwt| ze*s | sszen| woo| (,9)7
LB°ST | £0°9T| 19°0T| OT°ST| 28°2T g*s | oo*c | se*z| D6°v q
zo*ogi| s2°cT| 18°v | SL°T | ss°o ‘| 6°02] 6T°2T| 88°C | 068°*0 e
qL ¥se|aL ¥os|aL gos| a1 xoilar ¥s | ql ¥0c| QL %0Z|aL ¥0ijaL ¥s | 1ej8wereq
e Y] doanuao:nu<

SAOTIV *"PD*QL ¥04 JINIONIAIO UNIVH3AWAL *N ONV ‘M




All the experimental data is given in figures 8.23 to
8.31 showing the behaviour of each of the two constants for
various alloy compositions. With these ara'givén the best
functional temperature fits using sach model by adjusting
the available pafameters by a least squares criterion,
These parameters, featured in equations 8.1 to 8.7, are
given on each figgre and corporately in table 8.3 and refer
to the best available cuive for each model. Appendix J
gives three computer programs (inm BASIC) which were written
to assist in the analysis. The particular vaiues for a, c,
d, g anq the sum e+f are the anisotropy constants
extrapolated to zero temperature., Table 8.3 and figures 8.23
to 6.31 also indicate the sum of the squares of the
residuals in each attempted theoretical fit which, for a
given temperature profile belonging to one aslloy composition
and anisotropy constant, indicate the relative merits of
-each functional form. The fits giving the smallest error-
sum are used to give theC)E.Valuss of the anisotropy plotted
in figures 8,18 and 8,19. In all cases the reduced
magnetisation was derived using the data of Bagguley et al.,
applied earlier inm tha.Kl calculations, and given in
Appendix'J. Theoretical models with two adjustable
parameters will, ipso facto, yield better fits than those
with one ; ' care should be taeken in dfawing comparisons

between one~ and two~-parameter theories.

As a qualitative comment on the theoretical temperature

depehdances of equations 8.1 to-8.7, it is evident that in
all cases except two (Kl’ 304 Tb and Kys 75% Tb) the siﬁple

power law gives the best fit, and for the exceptions when it
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does not, it compares favourably with the best altérnative-
Apart from the 5% Tb values, the K1 power dependence is very
close to the value of 3 predicted by the L(L+1)/2 law. The
K4 power law fluctuates between indeces of 10 and 16 with no
obvious trend with respect to alloy composition. These
values are noticeably at variance with the predicted 21st
power dependence of the L(L+1)/2 law., At the opposite
extreme to the power law, the ad-hoc two-ion model is .
manifestly inconsistent with the data, giving the worst fit
in all cases.,

Of real significance is the comparison between the
single;ion model, paramaterised by the constant c, and the
simple power law. For all compositions, K1 shows a good
single-ion dependence, indeed 30% Tb shows greater consistency
with this model than the power law. The inclusion of a
two-ion component in the single-ion medel has little effect
on the fitting. However the K4 values do not indicate the
single~-ion law as clearly; the power law is noticeably
superior. Furthermore the 1nciusimn of two-ion effects is
more beneficial than in the previous case thbugh the
magnitude of ﬁhe corrective two-ion c&mpunant is stil;_smail
(F/e <5% always)e.:

The magnetoelastic model for'Ka shows good agreement
witﬁ some of the data but such inaccur;cy at higher terbium
concentrations that it casts doubt on the significance of
the low terbium fits,

The mechanism responsible for the maghetocrystallina

anisotropy of terbium would seem to be of single~ion origin

" and, in particular, predicted well by the theory of Callen
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and Callen, This judgement is, however, a simplification,
as revealed by the differing success of the single-ion model
for different anisotrepy constants.

Confirming the conclusion about the single-ion model are
the composition dependences of the two constants. Kl
demonstrates linearity at 80 Kwithin experimental error
(figs. 8.16 and 8.17). Extrapolations to BK are less valid
in drawing a conclusion in this repect since a model hust be
assumed in making such' an extrapolation, However the
linearity in K1 still survives the extrapolation to 0K for
any plausible fit, The K4 values at both BUK and
extrapolated to OK are linear with respect to composition,
within experimental errorn if the 75%.Tb values are rejected.
This rejection is justifiable since these values would, of all
the measurements made on the alloys, be subject to errors
due to sample saturation prgbla?s in the original
experiment, and in any case are values which differ most
markedly frbm those of other workers.

Most of the theoretical fits mentionéd herein have not
been attempted before on the anisotropy data of terbium/
gado;inlum alloys, However Bagguley et al. demonstrate some
consistency of the L(L+1)/2 power law with their data,
particularly that the KA temperature dependénce follows the
necessary 21st power dependence on the reduced magnetisation.
The temperature dependence of the pure terbium anisotropy

. constants have been ﬁodelled in detail by Rhyne and Clark
(1967), Féron (1970 a,b) and Birss et el. (1977 a,b). |
These are consistent with what has been found presently for

the alloys in that the Calien and Callen single=-ion model
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fits the anisotrepy well for Kg and‘KE (cefs Kl'for the

alloys) but the Kg (cof. K, for the alloys) seems to fit
less well if a consensus of the basal-plane results is to
be believed., If the baéql—plane measurements made most
recently are more reliable, then it can be said that the
single~ion model, without exception, successfully describes
the temperature depgndence of the anisotropy of terbium,
which is in agreement with the broad conclusion

reached here on the alloys.

8,7 Discugsion

A linear decline in the anisotropy with ;ESpect to the
dilution of the terbium in the terbium/gadolinium alloys
has Seen cited as evidence for the single-ion model of the
anisotropy. This assumes that the dilution of terbium ions
in a gadolinium host is a means of seperating them from eacﬁ
other in an unéhanged crystal field and that the
proportional loss in the esnisotropy correlates merely to the
loss of active material,_aaﬁﬁ ion having the same anisotropy
irraapective'of its proximity to another. By'this reasoning
non=linearity would indicate some two-ion contribution to
the anisotropy.

The reasoning behind the foregoing argument is,
howsver, quesfionabla, in particular fﬁe assumption that the
crystal field is unchanged with respect to alloy composition,
In practice a c/a ratio alteration will eccur in the HCP
structure mith repect to alloy éompqsitioh Pssisted by the
changing magnetostriction of the alloy. Tajima (1871) has
discussed the effects of this on the crystal field and
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concluded that a non-linearity of perhaps 20% could be
introduced in the anisotropy composition dependence in the
terbium/gadolinium alloys, even if the single~ion model were
valide Such deviations are observed in the consensus of
existing data for Ky for which Tajima's comments are valid,
and are of the sense predicted, in that extrapélations of
low terbium anisotropies to 100% terbium undervalue the
more reliable explicit measurements of the pure terbium
anisotropy, Thus the evidence of existing experimental data
is that the Callen and Gallén single-ion anisotfopy model
describes the K, - values well, and in particular the
single-ion result for the composition dependence of Kl
is- obeyed convincingly . after account is made of the
c¢/a variation, |

The success of the present investigation has been
limited by the low fiaslds available experimentally, which
have resulted in excessive extrapolations of the K4 data
with respect to field and a calculation of Kl in which, to
first order, kz was neglected. Comﬁarisen betﬁeen present
K1 values and those reported elsewhere on less pure
materials are, howevé:, good, and suggest minimal -
dependence on impurity concentrations éf the kind observed
in gadolinium. The unpublished work of Cormer on samples of
equal purity to those used here, also f;om the Centre for
Materials Science, Birmingham, gives K1 valugs which
-are consistent with those ‘reported elsewhere,
confirming that a negligible pﬁr}ty dependence in the
anisotropy is obiserved in these Qlloys over the'purity range

of materials investigated in the past.
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8.8 Conciusion

The magnetocrystalline anisotropy constants of several
terbium/gadolinium alloys have been measured. These are
consistent, with the exception of the K, values at high
terbium concentrations, with existing data, and suggest'both
in the temperature profiles and composition dependences that
tha anomalously high anisotropy of terbium is of single-ion
origin. This is indicated most clearly by the Kl
measurements.

In the small area of disagreement between the current
results and those of others, the errors seem likely to be
the consequence of the low fields provided by the -
conventional electromagnet used in the presenﬁ investigation.

There is no evidence that the improved purity of the
materials used in the present work over those used by others

has affected the anisotropy values for the alloys.
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APPENDIX A : RELATION BETWEEN THE
ANISOTROPY CONSTANTS AND COEFFICIENTS

Theoretical models for the magnetocrystalline
anisotropy commonly employ an expression for the energy

which involves spherical harmonics;

. oo L
N = ;ng k™) ¥Y™(8,§) | cen(Al1)

where the YE(B,ﬁ) are the spherical hqrmonics;'

Y (8,¢) = (-1)" i%hill{%gg%é; Pl (Cos8)Exp(4 finl §) +o(Ae2)

and Pr(x) are associated Legendrogpolynomials;

(2L=-2m)}
2 i (L=m) 3 (L=2m)}

PM(x) = (=1)" xb=2m eeo(B.3)

_and (Kf)' are the anisotropy constants, often called
coefficients to distinguish them from the phenomenological
? parameters of equation 2.2. The spherical harmonic
expression is oftem simplified to an expression involving
only the Legendre polynomials; the hexagonal 81mp11fication has
already been given in chapter 2 (eqn. 2.5) whers; »

P (x) = 2:_ Pm(x) ees(A.8)

mss=l.

The relationship between the anisotropy constants of
equation 2.2 and the coefficients of equation 2.5 can be
derived easily from the appropriate axpanbions_fer to@'terms

in the two energy expressions. The derivatioen is as follows:

The first three Legendre polynomials occurring in

equation 2.5 can be expandad explxcitly,

’Pé(COSB) = 1/4 (1+3Cos28) . " eee(A.5)




Pa(CosB) = 1/64 (9+20C0s28+35Cos48) eee(A.B)
PB(CasB) = 1/512 (50+10560529+12680349+23100569) oe(AaT)

These can then be converted to expressions invoelving powers

of the sines using the relations;

2

Cos28 = 1-25in28 cee(ReB)
Cos4B = 1-85in2@+85in® cee(Re8)
CosEB = 1-185in2B+485inR~-3251n°8 ees(Ae1D)
giving;
2

Pz(CosB) = 1=-3/2 Sin“®

P,(Cos8) = 1-55in°8+35/8 Sin’s

2

Pg(CosB) = 1-21/2 Sin 8+189/8 Sin%8-231/16 Sinfe ..(A.11)

The desired relations are then obtained by comparing

coefficients in the above expressions with those of equation

2.2, giving;

.. 0 0 0 -
'Kl B‘“3/2 Kz - 5K4 —21/2 KB ™ esee . ) - ooo(Ao;Z)
K, = 35/8 k¥ + 189/8 k9 + (Ae13)
\F) 4 6 ses eoe
0 . |
K3 = -231/16 KG = oo ooo(AolA)
0 : '
K" = Ks + oee .oo(AolS)

and correspondingly;

Ko = =2/3 Ky = 16/21 K, = 176/231 Ky = eoe eee(A16)

2

&0 NO

K = 8/32 K

2 + 144/385 K3 + oo ooo(ﬂ.l?)

304
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K = -18/231 K3 - eese | . ...(_A‘.lB)

K

oo oo

= Kl; + see - ooo(A-.lg)
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APPENDIX B :  SINGLE-ION CALCULATIONS
OF THE COBALT ANISOTROPY AFTER SZPUNAR

This appendix ' is the . precis of a paper written

by Dx. B’ Szpunar which is awaiting publication.

The Temperature Dependence of the Anisotro
Cobalt

Constants of

In the proppsed model the single~ion model is assumed
to be dominant in coﬁalt.

A similar model was proposed previausly'by Szpunar and
Lindgard (1979) as an explamation for the hidh anisotropy of
the YCn5 compounds, It has been found that the crystal
field parameters depend on the lattice parameters to an
extent which accounts for the fact that the anisotropy of
YCos.is about ten times that of cobalt. The quasispin model
was used for the description of the exchange interaction.

- (Liu, 1976). It is howéver unclear what numbers to take for
the spin and orbital moment for cobalt; the magnetisation
temperature dependence is close to the B?illouin function
suggesting J = 4. In the ground state the total ‘spin
quantum number of seven d-electrons in the cobalt (2+) ion
is 4,5. In the crystal'the orbital moment is elmost
quenched and the total magnetic moment on the atom is 1,7 B*
Liu assumed for the quasispin of cobalt the value equals
one. '

Lindgard and Danielsen (1975) have given the relationships
between anisotropy constants (for equatiop 2.2 of this thesis)

and the crystal field parameters, BE;



| 0¢ 0B — 125 —gR0 - y =5
Ky = =3/2 B3(<03>~<03>)-58 (<00y ~3<02> )-21/2 Bg (<0 ~5¢03>)

cee(Bal)
K, = 35/8 By(<03>-4<02>+<0,?)+63/8 BJ(3<00>-20<0D +5<02>)

eee(B.2)
Ky = -231/16 BO(<0D) -15/2 <02 +3<0gy=1/2 <0S>)

000(8.3)
K, = 1/16 Bg(<.ng>-;5/2 <02 +3<09>-1/2€09 ) |

ooo(Boa)

where (Ur) is the temperature average of the Stevens
operators U?. For total angular momentum quantum number
equal to ene, only Dg and Ug are non-zero and Koy Kz an.dK4
are also therefore zero. If amy information is desired on
the higher enisotropy constants, the highest total angular
momentum quantum number must be assumed, This means that
many more projections on the quantisation axis are allowed;
in the limit obtaining the classical situation where
thermal fluﬁtuatimns may change the spin directions
arbitrarily. 1In this work the_assumption is made that J
for cobalt is equal to the ground state value.

An effective factof for obtaining the macrascopic

moment correctly can be introduced. For the classical limit

the temperature dependence of the Stevens operators is;
<o = c(m(r))L{L+1)/2 eee(B.5)

where m(T) is the reduced Megneiisatioh. From the
. experimental curves of magnetisatibn as a function of

temperature, and the above equations, the temperature

307
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dependence of the anisotropy constants could be predicted.

From the preceding formulae, one simple relationship is;
| . -0 6 0.6 ‘
K3/K4 = -231/16.Bq//1/16 Bg = -23186/85 o ees(B.5)

The relationship between the temperature and fhe
anisotropy constants for cobalt can be explained from the
equations given by Dixon (1972) for the dependence of the

crystal field parameters on the c/a lattice parameter ratio;

By = (1.533 - c/a) cee(Bs?)
92 o (0.1127 - (0.752(1.633 - c/a))) ees(BeB)
BY == (0,260 - (0.369(1.633 = c/a))) eea(Be8)
BY 4= (2,52 - (0.815(1.633 - c/a))) e (Bo10)

Even very small changes in the lattice parameter ratio of
cobalt have a big influence on the anisotropy constants.

A simple substitution of equations B.7 to B.l0 into the
earlier expressions for the anisotropy constants allowed,
given a temperature dependence of the Stevens operators
-in the form of equaﬁion B.5, relationships to be estabiished
between c/a ratios and the anisotropy éonstants. Using these
relationships, given the temperature dependence of the c/a
ratio, the temperature profiles of the anisotropy constants
could be calculated in detail. However a more accurafe
knowledge of the c/a ratio of cobalt is needed before this
can be meaningful, Calculations of the c/a dependence

from given anisotropy values shoﬁ-raasonable cehsistency
with available experimental data for c/a values, This is

in  a calculation which begins with two self-consistent

308



temperature profiles,for the first two anisotropy constants,
that fit the experimental temperature plots for Kl and K2
to the best possible accuracy. (These profiles are given in
figures 7.29 and 7,30 and the deduced c/a dependence is
given in figurg 7;31'of this thesis.) The derived values

of the K; and K, constants in this scheme are not however
consistent with the measured values of K5 and Kgo in
particular the predicted ratio between K3 and Ka of equation
Bes6 is not obeyed,:

In conclusion, the calculations for K1 and K2 for
cobalt which have been made here for a single-~ion model,
teking into account the changing c/a ratio with respect to
temperature, are in agreement with experimental data given
the uncertainty in present c/a measurements. However thé
temperature dependence of the higher constants cannot be
explained, but these, it must be noticed, are very small

anywaye.
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. APPENDIX C : TORQUE CURVES FUR

MATERIALS WITH UNIAXIAL CRYSTAL
ANISOTRUPY - UNSATURATED CASE

As an example of the phase thebry treatment of torques
generated by an unsaturated ferromagnetic crystal having
magnetocrystalline anisotropy, the simplest possible case
will be discussed here.

A demagnetising factor can be attributed to an ellipsoid
'rmpresenfing the fatio of the. magnetisation to the
"demagnetisi;g field" experisnéed internally by the sample
due, in tﬁe simple model, to free magnetic poles on the
surface of the sample. Taking such a specimen, with a
uniaxial easy-axis along the direction of cylindrical
symmetry, and an anisotropy energy described by a single
constant, KP the total energy of the specimen in a magnetic
field is given.by;

% + (1-P)K,5in%p

Etot/v = PKlSin
-(PBDd;Cos(S-«) - (l-P)BDd$Cos(5+p))[p0

+(1/(2pg))082((PSinec+ (1-P)Sing)? + (PCosoc~ (1-P)Cosp)?)

ess(Col)

where P is the volume fraction of one of the two possible
domain phases, o and B are the angles of the magnetisation

characteristic of each phase with respect to the nearest

EASY
AXIS
-

THE DUMAIN PHASES IN A UNIAXIAL CRYSTAL
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easy-axis, D is the demagnetiéing factor for the ellipsoid
and § is the angle of the applied field to-an easy direction
in the specimen. The terms ara.illustrated in figure C.l.
The first line of equation C.,l1 represents the magneto~-
crystalline energy produced by the canting of the two domain
phases away from the easy-axis, the second line of the
equation is simply the Zeeman energy of the net magnetisation
(), that is the vectorial average of the two phases, with
the applied field, and the third line is the magnetostatic
self energy of the net magnetisation. Term$ which account
for the energy of the domain walls are always rejected since
phase theory does not describe the details of the domain
structure, |

The values of <, B and P which give the energetically
most stable state can be obtained by solving the three
simultaneous equations that resuidt from setting each of the
three partial differentials %%3 %5 and-g%-to zerao. The

three simultaneous equations are, after simplification;
8,0, néZ -

2K,SinkCosek = ~—=—"5in(d~x) + ——=(1-P)Sin(a+p) = 0 ...(C.2)

Fo _ Yo

By, DgZ - -
2K,5ingCosp - Fo Sin(éfﬁ) +—D—(1-P)Si'n(o(+,a) =0 eee(Ca3)

).I

B,d
Kl(Sin%x -Sinae) - ﬁns(Cos(S-ao + Cos(8+2))

D62 | |
+———-(2P-l)(l+Cos(¢x+p)) = 0 ...(C.lt)
Fo .

These solve to give;

B.d Siné

e =Y, 0§
= Sin ~( '
A 2K, pg + D62

ooo(Cos)

(o4

it



312

and;

BCosd
P = l/2 +W eee(CeB)

The torque on the unsaturated sample can be expressed
readily in terms of the parameters already described; it is
simply the sum of the torques produced by each domain phase

seperately in the applied field;
T = aua;(951n(6-oo - (1-p)s£ﬁ(6+p)) ‘ ees(Ce?)
which simplifies to;
T = BD§$((2P-1)Cosxsin6 - SinaCosé&) eee(C.8)

given the equality of ocand B. Invoking the explicit
expression for o given in equation C.5 completes the
reduction to yleld, for conditions where P<l, that is in the

unsaturated case;
62,

S X )
2K pg + Ddi

Note that equation C.3 refers to the case where only the

B2 :
T = 5351n26 (l - OQQ(COQ).

Kl anisotraby constant is finite and, incidentally, that the
shape anisotropy of the ellipsoid is included as an additional

quantify in this anisotropy.
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APPENDIX D : A DATA ACQUISITION
PROGRAM FOR_THE NEW MAGNETOMETER

The following program, written in BASIC, obtains five

90-point torque curves for a 0 to » interval and carries out

all the corrective processes mentioned in chapter 6, section

6.6.2. The angular data is stored in the dimensioned

variables MU(I,D) where I runs from 1 to 80 and D runs from

2 to 8. The torque data is stored in the variables BA(I,D).

The program prints out all corrected data along with an

index numﬁer for a data point pair and a time at which each

data point pair was taken.

4010
4828
4838
4848
4858
4864
4a7e
4838
4958
4100
4118
4128
4130
4148
4150
4168

4178
41808
- 4198

4200

. 4210

4220
- 4238
42408

© 4250

4268
4270
4280
429a

- 43608

4310
4320
4338

REM:INITIALISING INTERFACE

POKE1 .8 31POKE2, 148 tAX=1 :NX=1 : T®=1

REM:TRKING SAMPLE CHRRACTERISTICS

PRINT"-3RRBDTORQUE MAGNETOMETER PROGRAMME"
PRINT"XRBRRRRBRBISHITCH PRINTER ON"

INPUT " XRRRERIVOLUME OF SAMPLE IN CC“3¥

INPUT" XBRBBMASS OF SAMPLE IN GRAMS" »MA :
INPUT"BPRECISE ANGLE OF ERSY AXIS (DEGREES)M!!!!!l!!!!llﬂﬂu“WEH
ER=ERAMT/186 _
REM :DIMENSIONING MECESSARY VARIABLES

DIMBA<91,5> :DIMTIC99,5) :DIMH(S>

DIMAS<90,5> sDIMMP(980,5)> :DIMCLED

DIMACE,5) :DIMB(S,S) :DIMMGAC(SG,5)

DIMT(305 :DIMDCS) :DIMEE(S)

DIMMUCS1 .59 sDIMFF¢S) sDIMRC(S,5)
DIMF¢13) :DIMGCE? sDIMBB(E)

REMsCALIBRATING POSITION POTENTIOMETER

FORN=1TO4 _

PRINT"MMAGNET TO"(N-1>%G@"DEGREES THEN PRESS RETURN":
GETA$ : IFA$=""G0T04200

PRINT"RRRREIRBRRRNERBRRIOK "

AR=7

FORI=1TO20

HCND=HCND+HUSRCS) tNEXTI

HCND=HC(ND /28

PRINT)XMMBMA TO D NUMBER 7 READS “HCND

NEXTHN

REM: TORQUE CURVE RGUISITION

E=¢HC4—HC 1D ) /200

FORD=2TO8&

PRI HT (1) nll . .
PRINT" :RDENMSET CURRENT TO.NEXT YALUE IF NECESSARY"
PRINT":RBRRERERRRISET MAGNET TO START"
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A%=71 IFUSR{S)}H<1560TG434G
PRINT"J"

FORJ=1TO3
FORI=1TO3@
U-H(J>+<H{J+1}—H{Jﬁhﬁl/SB

RX=7 sR=USR(S>

IFR<CUU-E> THENPRINT " SeDiieinieini v} ROTATE MAGNET FORMWARD >
IFR>{UU-E> THENPRINT " siaueInIaDei i e ROTATE MAGHET BRCKWARD " :GOTO4350
R=USRCS> . ' :

- IFR<CUU-E»GOTO4426

IFR>(UU+E>GOT04356

- AR=7 sMP{I+30%(J—13 , {(D~1>)>=USR(S5>

AX=6 1BRCI+30M(J—-1) , (D~1>=USR(S)

AX=7 tMACI+30%(I~12  (D~1 2 )=USR(S>
fTI(I+39#(J—17 D-15>=TI
PRINT"ZR ‘ .

pIEIDININ " 1+ 30 (T -1

NEXTI sNEXTJ

PRINT " 2BEDBBBBMMMOMNNLL RERDINGS TAKEN"
NEXTD

REM:TORQUE AMPLITUDE CALIBRRTION
INPUT " XBRRBRIMAY OPTICAL DEFLECTION"»TM
TM=TM/138. 13

INPUT“BRRBRBRMS " s MS

REM:PROCESSING OF DATR

PRINT " ZRRBBBRRRDIIFNALYSIS STARTED™
REM:CONVYERTING POSITION VOLTAGES TO ANGLES IN RADIANS

H(S)=2%H(4>-H{3) 1FORD=1TO0S
TT=0:X=6 :FORK=1T058 '
MUCK Do=C(MP (K, D) +MECK D) > /2

CIFMUCK DO SHOK+2)60TO4658

MULK D=k CMUCK , DY —HOX+1 22/ CHCR+20 ~H{K+1 0 ) +5) /3 INEXTK :GOTO4 660
F #=X+1 :GOTO4640

MU<91 . Do=o+MUC1 D> eBACSL . D>=BA{1 D>

REM:APPLYING TIME CONSTANT CORRECTION

P06 :A=BAC1 0

FORK=1TO89

U=EXPCCTICK, DX ~TICK+1,D))/8.6)

) P=PRU+(R-BAR(K+1 D) »¥8. 6 1-UD/CTICK+1,D0=TICK, D22

A=BRCK+1 0.
BACK+1 ,D>=BR.(K+]1 .D>~P

3 NEXTK

REM:APPLYING ELASTIC AFTER EFFECT CORRECTION
P=0:RA=BRL1,D>

FORK=1T085

U=EXP(CTICK, D)-TICK+1,D025/53.3)
P=P#U+(A-BACK+1 D) >#S53. 3 (1-UA(TICK+1 ,00-TICK Do)
R=BACK+1 .D>

BACK+1 . D)=BRK+1 .0)—-P%. 866

NEXTK

REM :F INDING MHFIHUM AND MIWIMUM TORGUE

CC=8

4958 FORK=2T089
4560  IFBACK, D> <CCTHEN4888
® £C=BACK,D> :DD<D)=CBACK-1,03+8ACK, D>4BACK+1,033/3

- NEXTK

-'r'-@c_a



4588
49109
4320
4930
4948
4350
4960
4978
4988
4390
Soee
Se18
Sa2a
15 IC]
S84
Sa45
Sa5e

<o

S07e
Soae
=150
Siee
5126
S138

315

FORK=2T089

IFBACK ,D>>CCTHEN4938

CC=BACK.,D) 2 EE(D)=€BH(K—1 D)+BH(K D>+BACK+1,.D))>/3
NEXTK

REM:AMPLITUDE AND DISTORTION DETERMINATION
FORK=2TDS@ : TT=TT+EH(K DoCMUCK+1 D0 ~MUCK~1 D) 2/ (2%
NEXTK

TT=TT+BRA{1, D)*(MU(E DO—MULSB, DO +ad /(2%
G¢D+1>=¢DDCDY-EECD) > /2

FFCDO=TT~-(DD(D>+EECD> >/2

REM: TORQUE OFFSET CORRECTION

FORK=1T09@.

BACK ., D)=BH(K D>-TT

NEXTK

REM:DATA PRINT OUT

GOTOS1390

OPEN1 .4

PRINT#1,"" :PRINT#1,"DATA FOR CURVE"D""

FORI=1TO58

PRINT#1, "¢ 1", pJ" 2 "MU="MUCI . D>" 0" 2*"BA="BACI D> " B}" ;

PRIMNT#1,"TI="TICI D>""">"

NEXTI
CLOSEL
NEXTD

Note that in this particular progfam, A% = 7 is the

address for the position potentiometer analog-to-digital

module, and that A% = 6 is the address for the magnetometer

analog-to-digital module. These address numbers are

' explained in section 6.,6.2.
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APPENDIX E : THE SAMPLING PRUGRAM

FOR MEASURING THE ELASTIC-AFTER-

EFFECT AND TIME-CONSTANT OF THE
'NEW_MAGNETOMETER

S

The following program allows a sequence of readings of
the magnetometer output to be taken at regular intervals
of 0.059 seconds, corresponding to the cycle time for the
program on the particular microcomputer used (a Commodore
PET). Readings are cbﬁverted to logarithms and printed out
in the form illustrated in table E;l. The data provided
by the program when set in action just priof to an
insténtanequ relaxation of the magnetometer head allowed
the time-constant and elastic after-effect to be defarmined

(see chapter 6, section 65.6.2).

1 OPEN1.,.4:CMD1LIST

1@
20
22
23
24
25
26
368
48
42
43
45
Se
60
7a
¢
8o

- 83

85
S0

POKE1 ,01POKE2, 148 sAx=1 s TH=1 sNzi=1

DIMH(2B@)|H£~3 _
PRINT"PRESS RETURN FOR TRANSDUCER OUTPUT PREVIEW TO STOP"
A=TI

IF(TI—H)(ZQBGOTOZ4

PRINTUSRCS?

GETB#$ : IFB$=""0(0T025

INPUT"RELAXED OUTPUT" R

PRINT"PRESS RETURN TO TRIGGER READING SEQUENCE"
GETKSIIFKSH““BOTO42

PRINT"OK"

C=TI

FORI=1TO208 .
ACI>=LOG(ABSCUSR(T)+.1-R>>

NEXTI

B=TI

OPEN1 .4

PRINT#I,“TRRNSDUCER RELAXATION DARTA"
FORI=1TOZ@8

PRINT#1,""R{I>;

1808 NEXTI
103 PRINT#1,"" PRINTH#1,"TIME SPREAD="B-C
118 CLOSE!l
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The information bf table E.1 is the actual data

plotted in figure 6.15 from which results for the

magnetometer head were derived,

92L =0QU3AdS IWIL
SOS8GZOE "2~ EIBIRIESER” EIBIOIESER" ETSIBIESSH
BOSBSZOL "2~ 00SBSTOE "T~ CIBTATEG6O" CEIBIVIESED" CIBINIESED" EIBIOTESED” €
IBTOIESED " CEIBTOIESED" CEIBINIEECO" CISIVIESEO" ET8TIOTIESGR" E£181I0IECED° €£18
IBTIEGEB" EIBIBIESEO" SPELEEIPL” EISIBIESEB° EIBIQIESGR” EISTRTIESER° EI8IOT
ES60" EIBIOIESER" IJPELEECTPL" SPELEGTIPL" ETEIBIESER° EIBIBIESER" . EIBTATIESED
* EIBIBIESED" E£IDTOIECER° CLIBTATESSD” EIBIBIESE6A° EISIVIESER” E£IBTOIEGGE
ETBTIOTEGER® CIBINIES60" CIBIOIESEB" EISIPIESEO” EIBIDIESED” ECILIDIESEO" ©
BSESZOE “2- EIBTIOIESSR” EISIPIESGO" CISIPIECSE" CEISIOIESER" BOGBSZBE"Z—- £1810
TEGER " BOAGBEZOE ‘2~ EIBINIESCD" SOSEGTOE T~ E18IPIESED° CIBIRIESER” ETBIBIESS
B" 9SPELEGIPL” EIBIBIEGED" SPELEGCIPL” ETBIOIEGED" EIBIOIESED° EIBIAIESED"
ETIBIDIESED" EIBIRIESEB" CIBIBIESED” SPELECTPL® SPELESTIPL® SPELESTIPL® 9PELE
GIbs” EIBIOIESED" O9PELESIPL" EIBTOIESEO" SPELESTIPL" CLIBIBIESED" ETBIOIESED
" SPELEGTIPL" EIBIBIESER" OSPELECTIPL" SPELECTIPL" SPELECIPL® SPELECTIPL® SPEL
EGTIPL" SPELESTPL" IPELEGTIPL” TICOFIET'T SPELEETIPL” SPELESTIPL” TIZOPIETT
SPELEETIPL” TIZOPIET T OSPELESTIPL® OSPELECTIPL® OSPELESTPL™ OSPELECTIPL® 9SPELESTH
L SPELEGTIPL” TIZOPIETT EIBIOIESEE" TIZOPIET°T OSPELESIPL” TIZTOPIET T SPE
LECIPL" OSPELEGTIPL" SPELESIPL® SPELESTIVPL" TIZOPIET"T SPELESTPL” TIZOPIET"T
SPELECTPL” TIZAPIET T TIZOPTIET T SPELESTPL” TIZOPIET T 9SPELESIVL® L69860T
P T OSPELESIPL" JL6IBEBIP T OSPELESTIPL” IPELESIPL" SPELESIPL" IFPELECTIPL® L69
BSEOIP T SPELESTIPL" PSOPIEZTS"T TIZOPIET T JL2882808°1 TIZOPIETT $POBHPIZESO°T
TICOPIEL" T $SOPrSE6TI°T LE65860TH°T ITSOPIET T 2L2082808°1T ITIZOPIET"T BLPE009
6°T JL69BEBIP°T BLPEOR9E6°T PSOPSE29°T BLPEBOIE T BLPERDIE T BLPEPO96°T 8B2p
c0B96"T S92+9BIER"Z SOPOBIED° 2 . ZPSESSIE'S SO0P98I68°Z ZHPGESZIE"Z S0v98168°2
TPPi2OOZ°C TISHFEIOF°Z THP228OC°Z BPLISFPI T ISPSEGZIEZ IPBLBEEB"Z ETTTIALS

"2 PEITERED"2 9PBLOGESR"Z PEITIESES8'2 19425660°C PEITSHEEB°2 IESECISZ'E 2861

2BBRE  ZIBELBLEE ZO9ZEBGEI'E ETBLOSLEP E BISZSPOP'E EO5S869P°E BZPITOPS°E
EITOZBRS"E ELT268B°E <LPSCIFI9°E ZL6PIEOD°P E.LZCGB°E. E6DEZELO°P +BEORS6R P
CSPZESLT "+ LEBZBIGZ P ESSIPSOE P TPEOGSSP P GS6#2822S°P 69691909+ CPESETOZ
“t JLTBZOEIL"P 6LG0S868°F LBIFELTIRS ZBOESTIT'S SE6IEESSE'S JLBOSEEBP°S 6242
LOPB S TGLLL900Z°9 TLZ2IETIF9°9 ES9PEERT "L 94.2082GL°¢ +EDBIEED 8 ZIPPBSET "8
PLL9BET "8 £LB90QSZT "8 ZOBSETITIT8 ESIEPPDI 8 +1LL6860°8 $E16201°8 SEGELPED S
HiH0 NOILUXHTIIN AFINASHENL
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APPENDIX F_: THE PROGRAM USED
IN THE COBALT EXPERIMENT

The following proéram was annexed to the acquisition
pragraﬁ of Appendix D and perfaormed the Fourier analysis of
the corrected data obtained by it. The program takes
about 15 minutes to run on a Commodore PET, produces values
for the first three anisotropy constants (uniaxial
haterials)_and prints these out on an attached printer.

Thé prograh also shows the shear corrected torque curve

on the video;display of the computer.

S148 REM:SHEAR CORRECTION

5150 BB(1>=1.618:BB(2>=1,618:BB(3>=1.618:BB(4>=1.618:BB(5>=1.618
5160 FORJ=1TOS

5170 PP=TM¥1080./ (MAKMSKBB(JIOMG(S) )

5188 FORN=1T090

51960 LL=PFP#BR{N,J>

5200 ASCNH, Jo=MUCH, Jo+ATHC(LLACCABSC1-LLT200 1.5

5218 NEXTHN::NEXTJ

52290 REM:FOURIER ANALYSIS

5230 FORN=1TOS:FORI=1TO8

5248 ACI,N>=035BCI,N>)=06

5250 ACI.N)=CAS(]  N)-RAS{89 NI+ )¥EBR(SA, NIYRCOS(2RI¥AS(Ia,N>>

5260 BCI,N>=C(AS(1 N>—AS(89 N>+m>#BR(9O , NIKSIN(2HIKASI{9B . N>

5270 ACI NX=RCI , NX+C(ASC2,N2-AS(9@, N)+r)>RBACL  NIRCOSC2RIRAS(L N2 D
528@ BCI, NY=BLI, NY+CASL2, NI-ASCI0, N>+ HBRCL , NIORSINC2KRINASCL N> >
5298 FORJI=2T0829 :

53080 ACI . NX=ACI N +CASCI+1 . NY—ASCI~1 N> DMBACT  NORCOSC2KRIMASCT MO )
C 5318 BCINIY=BCI NY+{ASCI+1  N)-ASCT-1 N> DHBARCJT , NORSINC 2R IMASCT N2 D
5328 NEXTJ _' ,

5330 ACI N)=RCI NYAmsBCI NX=B{I N>/

9348 NEXTI

5358 NEXTH

5360 REM:FINDING IN-PHRSE AND OUT-OF-PHASE HARMONICS

S3780 FORN=1TOR® .

5380 DC(HO>=6

5398 Cd(N>=8

5488 FORJ=1TOS -

5418 RN, IO)=ACN, JORSINCERK2KN ) —B(N , J O RCOS CERAKZ2ERND

5428 D<NI=DCNI+R{N,J> /5

5430 CC{HI=CCN>+(ACN, JO>¥(COSCEAKKNY )+BC(N, TDR(SINCERK2%NY > > /S
54408 NEXTJ:NEXTH

5458 REM3IERROR ANALYSIS

5460 LS=8

5470 SL=1

54808 IFABS(D(2>>>ABSLDC1)>>THENSL=2



6. FORG=1T0S ‘ o

T

FORN=1T0%0

3 FORJ=1TO3

OR=GR—~(D{IIUSIN(2KITKCASCN ., Q)—EH))—C(J)*CUS(E#J#(HQ(N Q)—EH)))#R(SL Q}/D(S

) NEXTJ

- LS=LS+CQR-BACH, B > 12

’ GR=a

NEXTH

PRINT"LS="LS sNEXTQ
PRINT"LS=“LS"FOR MS="MS"EMU/G"
REM:PRINT OUT OF RESULTS
OPEN1 , 4

3 PRINT#1,""

FORJ=1T08
PRINTH#1,“D¢ T >="DCIOKTHAGCS) 3" CCUI"I="CCIOHTMAGC(S)

NEXTJ

FORI=1TOS:FORJ=1TOS R

PRINT#1, "R(VIN, "I >="RCI, T p"HACH I, " J "= ACT, Ty 3" BC IV, " T =BT, >
NERTJ sNEXTI .

36 FORI=1TO0S

PRINT#1,"G("I+1">="G(I+1)
NEXTI
Ki=—TM#CDCL 2+ 20DC2)+3RDCID >/ CVRBLS) )
K2=TH#2KD (2 +BHDC3) 3/ YHGLS) )
| K3=—THM#R16%D 3D/ CIRVKG(SH)

PRINT#1, "K1="~K1¥1060000" J/MT3"
PRINT#1 , "K2=";-K2¥1000000" J/M13"
PRINT#1,"K3  =";-K3#1000088"J/MTt3"

"8 PRINT#1, “MS=":MS"EMU/G"

TINNE GBS OB U RABBNE 58 0
SHFEE S0 85T T

PRINT#1,"LS=":LS

CLOSE1L

REM:GRAPHICAL DISPLAY

PRINT"FOR DISPLAY OF CORRECTED CURVE PRESS RETLIRN"
GETR#: IFR$=""GOTOS828

PRINT"PLERSE WAIT 1@ SECOMDS"Y

FORL=1TD39

NK=CL#n/390~ER

ASCL, 12=—(DC{1 DRSINC2KNK Y +DC20MSINCARNIKO +D{ 3OS TNCOMNK Y 3 /(1 . 28D L D+DC20 0 )
TEL>=INT(10, 4+10¥ASCL ,1>/¢1.85)>>
TL+40)>=10.4+10MASCL , 15/¢1.05)-INT{10.4+10¥AS{L,15/¢1.85))
NHEXTL

PRINT" Q"

FORI=1T022

PRIMT"4"

NEXTI

PRINT" IXIIXIIITIIX)" »

FORJ=1T039

IFJ=1THENPRINT" " 4"

PRINT"-"» .

NEXT.J

PRINT " 2Ss DeInTe el Tn eIy e e e eI n I e ]
FORJ=1TO39 '

FORI=OTOT(J>

PRINT")"

NEXTI
IFINT(S*T(J+49})=GTHENPRIHT"_“;=GOT06126
IFINTCG*T{J+48> >=1THENPRINT" " ; :GOTOG1 26
IFINTCSHTLI+48) >=2THENPRINT" " » :GOTOE 126
- IFINTCORTLI+407 >=3THENPRINT" " 7 : GOTO6 126
IFINTCE¥T(J+40> >=4THENPRINT" =" 3 : GOTO6120
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6890 IFINT(S¥T(J+48)>=5THENPRINT"—" » :GOTOG120

6180 IFINT(O¥T(J+40> >=6THENPRINT" =" :G0TO6126

6110 IFINT(B¥T(JIJ+48>>=PTHENPRINT"™" »:G0TO61206

6120 FORI=OTOTC(J> '

6130 PRINT"N"

6148 NEXTI

6158 NEXTJ )

6160 OETK$:IFK$=""GOTO6160

61780 REMIALTERNATIVE FOURIER ANALYSIS

6180 FORN=1TOSsFORI=1TOB

6190 ACI,N>=01B(I N>=0

6200 ACI N>=BRC(IO, NIRCSINC2HINCASCL NI +rd )~SINC(2RINMAS(8I, N> )

6210 B(I,.N>=BACIB, NIK{COS(2HIKCASCL , NI +md )~COS2KINAS(BI N> >)

6220 AT NY=ACT, NY+BRC(1 , NIRCSINC2RINCASC2, NO+r) ) ~SINC2KINAS (98 N> > >
62238 BCI . NY=BCI, NIY+BRCL  NIMCCOSC2RIMCAS(2, No+r) )—~COS{2KINAS(SA, N> )
6248 FORJ=2T089 : :

6250 RACI NY=ACI NI+BR{T, MNIRCSINC2RIMAS(I+1,HO 2 -SINC(2ZHIKAS(I~1,N>>?

6260 BLI NY=B(I, N>+BACJI, NIMCCOSC2RIMASCI+1 NI )~COSC2RIRAS(I~1,N>>D

6278 NEXTJ ' ’ . : ’
6280 R{I NOX=RACI NY/CTHa#2) :B(I ,N)=-B(I N>/ CIRuk2)

62598 NEXTI

6308 NEXTHN

63180 GOTOS368
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APPENDIX G : THE COBALT DATA

The fqllowing tables are a compilation of the cobalt
anisotropy data derived in the present work. The Fourier-
coefficients of the torque curves are also given; expressed
as an energy per unit volume. Interpolatéd values for the
magnetisation are given (from the data of flyers and
Sucksmith, 1951) and the number N refers to the number of
experimentél runs of the magnetometer, in which on each
occasion five seperate torque curves were taken, which were
carried out to derive the given anisotropies. [lagnetisation
values are not given with ihe basal-plane data since; for these,
no shear correction‘was required and d, values were therefore

irrelevant.

ANISOTROPY DATA FOR COBALT SAMPLE No&

TEMP N D | K
(K) ( JIM?) (JIM*)
835-5 ] 2010 1 {2050
T | 2040 | 12210
k-5 [ 2020 12090
117 ] 1970 | 1igio
(Y- ) 1960 1Y 740
160 ] i930 11560
(83 | i\vi1o 10970
192 1 1900 XA
206 [ 1730 10360
225 ] 1620 9700
239 ] 1% 4O 9220
2555 i 1390 ¥ 340
271 ] 1260 7590
2905 ] 11 30 6903
293 @ Q9s 59470
309 l 8¥7 _ E320
B2y | 725 4350
337 1 579 4710
3k ! X 34 10
35¢6 ] 459 2750
369 { - 36% ' 2210
321 [ 313 1980
3973 i 297 _ 1720
LOS [ 198 1130
&7 1 139 "G 30

TABLE G-1




.-ANISOTROPY- DATA FOR COBALT SAMPLE No1
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TABLE G-2
: TEMP N O'S. A B c K| Kz K;
(K| [EMUG) (J/M®) | (M%) LM®) | LM®) ] (OM®) | (MP)
(90 | € [le150] qouwjoo | - 31700 =18060 ¥38000_| 74500 | -10000
103 [ 1+ |162w6| B8AW300 | -29200 ~300 ¥ 35000 60%00 ~1600
19 [t [l624l | 882100 | ~30900 =100 426000 € 2600 =500
25|+ [16239] 99%s00 | ~35200 -*000_ | 911000 102700 | -21500
139] 1 11623 | 90700 | “3L.000 ~3200 _815000 3700 ~17100
130 ! [l613] | 870T00 | ~B3400 -~ 2900 798000 | 24500 -i1si1go
168] 1 |1e226| €621300 | -36100 -=S000 791000 46400 ~16100_
{166 | 7 [622¢| 8€7500 | ~39000 | — 2500 _ 792000 | @200 | -135500
@2 ]| 1 [le221| w5300 | -39%00 | -2500 757000 | 9€300 | “13290
(921 1 {16215 | #3500 | ~ 4 {500 + 20 | 71S3o000 1900 | =+ (00O
20| | | 16213 | 925100 | ~49L0O ~ 1 100__| 122000 | 128600 | -21900
05| 1 | 1623 | 823700 | ~L k300 = 2000 129000 104900 | 10900
2] 1 Ji1cvod ] 8306800 | ~ L kOO 2900 709000 111900 ~ 18400
122kl | [1¢107]| 193300 | ~4#@200 | - 2000 691000 112000 | -10L400O
23%] 1 | \e20ok]| 7@1000C | ~LS€®0CO | - 1S0O 685000 | 1088500 -9000
239] 1 | 16200 769600 | ~#T400 | -2.600 667000 | 116500 | 13900
il | ) _|1620] | 760300 | ~# 1200 | -S©00 657000 | 119200 | ~15900 |
24| 2 (16190 ] 751700 | -~ 43900 | —-1700 655000 108 | 00 Q000 |
268| t [16197] 729900 | ~92000 -2 600 619000 ias100 | ~“ikiooO
262] 1« [16195] 721200 | ~50400 | “3800 610000 129800 | -~ 19500
[2€¥[ T 16193 699200 | -s0co0 | -2.600 892000 | lI7200 | -io700
289] | [16186] 657000 | -81.600 ~2900 543000 | 129900 | -|§700
293 |10 | (6I93| 6435600 | “wa 100 -2L80 839000 | 1i8oc0o | “\3300
287 T | VeT90 | €33060 | ~hwaco | ~1760 530000 | 111600 | -9200
309 | | 16163 ] 605800 | -49200 “1700 502000 | 111900 | ~ 9200
P12l 1 |le151]| S¥500 | “W 00 | “Z2400 k77000 | 117600 | —12900
1325 1 [l6rW2| 559400 | ~ #9600 | -2500 ¥885000 | 116900 | - 13200
337| | |16i'd6]| S27700 | ~Ha4700 | ~2.900 »2.0000_ | 121700 | -14R0O
359 1 |1608%] & 711900 | ~ L300 | ~1#h0O | 811000 | 109i00 | ~ 7700
3?7221 | [ \6019]| %26 L00 ~kS4L00 | ~"2200 32000 10600 | —11800
375 | | [160T5| 425900 | - 1800 | -1700 3185000 | 109560 | ~93500 _
6| | [160-e0| 347500 | 46700 | ~24L00O Z§7060 | 112500 | 12650
BS| | |16ok6] STS700 | -47100 | 1800 | 276000 | (09800 | ~9700
[&Ze [ 1 [Te033| 52600 | ~#6900 | ~2000__| 258000 | 104300 | -1ok0o
06| | [1602i] 329500 | “k2700 | 3000 231000 [ loaoo | -16200
g19| | [159.9¢] 269400 | ~4S800 | ~1 7100 204,000 | oL 100 | -~¥800
23] | | 15998 299100 | - L4SSO0 | -1 LOO 193000 | 101900 | -7300
eBiv] | |15966| 251600 | ~4800 | - 1400 1S9O T loowod | - 7700
e@ | 1 | 16939 | 222600 | "45700 | — 1900 150000 | 101400 | —9Q400O
82] | |1%920] 196l0c0 | “42700 | -1300 107000 | 98800 ~6800C
ke8] | |i5999] 172500 | ~4iI®00 | 18500 84300 asec0 | 8100
¢+ 7% | [ 1595] 169600 | 42200 1700 59100 A’000 ~A10O
R | | | 18e56] 121300 | -4OLOO | ~ 1200 36900 | aou0O0 | ~6400C |
QG| | [\5ew3| [ON9100 | —39800 | - 1200 28500 | 99700 | - €500
o3] 2 |15923] 88200 | ~“40lco | 1100 #5000 ¥9400 | ~6100
o] I J1580f]| 71000 -~ 57200 1000 - 8400 2 LO0O = 5400
20| 1 [Is57%6] S#10O | 36700 | ~1200 | ~L1900 | 93000 | -640O0
8] | [i1s769] 26500 | -37100_ | -1600 ~52L00 | 81000 | -~ 9600
530 ] 1T [15747| 9S00 ~36300 | - 1200 ~6€6%00 | 82400 | - 6500
1491 | [15725] "10600 | ~3kAa00 © ~@0300 | 69100 o
%7] | |1s703| ~3¢700 | ~ 57500 + qoo ~109000 | 67900 | +ikJOO
66l | | 15674| ~ #8400 | ~30600 | +900 ~104000 | 54300 + 600
§26] 1 |ISekl | ~60400 | ~30100 + S0 ~120000 | S®¥900 + 800
€1 | |1S¢07| - 71600 | ~2¥600 - 100 138000 | 51800 =~ 400
'Pas] | issey]| - 94800 | ~29300 -So0o 1895000 | 6729400 -2900
w7 ! |IS5T71] ~103900 | -28300 | —%00 1630 €3 400 4800
@okl | |15548]-10T7100 | =27700 | ~ 00 ~16SCo006 | 62200 | -4660
B07] | |Is53¢|-11R200 | -29 |00 =1200 | —179000 | 6s<woo ~6LOO

17



e ——

323

2 AND No3

NISOTROPY DATA FOR COBALT SAMPLES No

J— —n e

DR LI R g VPP ]
.

N 63 A B c K' Kz K3
(K] MG (M) | (i) | (M®) | Gy | (OM®) | (JIM®)
%ﬁ. ';j_nn-sy- $9000c | -S&€00 -2900 $OWOOO0 | 98900 | -ThS00
2 (1624 ¥87000 | -37600 -1900 806000 | 89600 | -Qe00
NI | ) [162k3] 879000 | - 349100 - 4000 799000 | 110500 | 21500
130 [ 1 [16251] 992000 | ~iJjOO | -600 14000 | 90L00 | - 3400
135 | 1 [16235| 970000 | ~39900 | ~S900_| 779000 | 110000 | -20300
197 | | ]16231| 868000 | “ L1400 “170 779000 | 971500 ~9\00
%% [ 2 | 16226] 956000 | - #0900 | -~ 300 762000 | 116000 | ~22700
(781 \ |1622k] 843000 | -493J00 ~2000 71359000 1HkO0O | ~10509°
6 | | | [6223] ¥44000 | -LO30O0 -SQ00 746000 127000 | -S1000
Y42 ] | |1621% | 926000 | - k5000 = 5] 00 727000 | 115000 | -16500
Ay | [16215]| 929000 | “44600_ | ~#0O0O 729000 | 121000 | ~2]200
o1l 2 [1621k] 919000 | ~41200_ | ~ 83600 | 727000 | 110000 _| - 1%400
Wkt | | 16213] 912000 | - 359200 | ~5h00 717000 | 121000 | ~29700
M3 1 [162]1] ¥00000 | “LS900 | ~2100 702000 09000 | 10O
371 | |16206] 776000 | ~46700 | ~L\OCO 670000 27000 | ~22100 |
BB | | [16208] 790000 | ~ 45 k00O | ~H700 615000 | 129000 | -Z25200
A2 ( [16204] 773000 | 48200 | —2.000 671000 112000 | “10600
T [16204] 768000 | ~ 46600 | ~3%00_ | 665000 | 122000 | —18400
1 16197 737000 | ~WA700 | “S100 617000 | 1400600 | 173860 |
I [16l94]| 716000 | ~ 48500 | L3500 | 605000 | 151000 | ~22900
1 [16192] 696000 | —63200 | — 900 | 5971000 | 114000 | ~ SOOO
1 [161-80] E 93000 | ~S0600 | ~2700 | 57LO0O0 | 128000 | -~ 4600 |
1 1161'99] 6 13000 | - 52500 | — 00O BS56000 | 37006 | ~21k60
T |16186] 662000 | ~885200 | ~L200 | SL300O | 140000 | ~22k00 |
6 li1¢190| 62000 | -~ 4800 -B3700 S 1ao000 129000 | ~I9600
~ | ~~ saMpLE N 2 |
1 SAMPLE No 3
. LR o i \
T |5 | c25h]| ¥86000 | ~26900 | — 7560 TI6060 | 11000 | -~ 50200
X6 |V 11¢2L9| #9000 | -29900 | - 6600 €¥02000 113000 | -~ 35S 100
Lo 1 [1627| €79000 | ~2980c | - 7260 801000 | 113000 | -~ 57200
M7 [182hl] 77000 | -BO0700 | ~5700 | 199000 107000 1 -304OO
2911 [16238| ¥ 70000 | ~—22860 | —5]OO__| 9000 | 111000 | - 30600 |
511 1 [ 16231 | 960000 | -854900 |~ 206 778000 | 103000 | ~22200
162 ] | | 16278| ¥S6000 | ~SS000 | - 5200 770000 | 112000 | ~27700
[36F| 1 [ 16276]| @A6000 | ~37200 | — 3900 760000 06600 | -2J000
1921 1 |16274h] 94000 | -29300 | -~ 060 772000 96100 | -26 400
T4 [ 1 |16215| ¥2 1000 | ~39800 | - 4500 | 729000 15000 | —22706
2)5| 1 [1e2l0] 794000 | - 4LZ700 | — 2000 J01600 | 104000 | -~ 0900
2)7] t [1e209] 791600 |- &b3006 | ~3400 €9206C0 | (1€0C0 | ~1¥200 |
2% 1 [1620L| 763000 |-462006 | -1900 665000 | 107060 | -10c6oo
Sl | | |16201] 750000 |~ K690 | ~2700 ELHTPOO00 | JISO00 | ~ 1 LS00
WEE | 1 |161-a1] 721000 | -#A900 | — kOO 69000 | 115000 | ~Z34.00 |
6|1 [161.95| 709000 |-S6oco0 | — 1160 €66c00 | 108000 | - 86060
290 | 1 |161.93] 697000 |-So4k00 | —2500 599000 | 121000 | - | 3X00
2g0| 1 [lcigq| 6790600 [ -51300 | —2000 | 570000 | 119060 | -107006
X971 6 | 16180 618000 | ~52500c | -~ 10 510660 | 106000 | ~5006

TABLE G3
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APPENDIX H : THE MAGNETOSTRICTIVE
CONTRIBUTION TO THE MEASUREMENTS
OF_THE_ANISOTROPY OF COBALT

The following derivation is given by Takahashi et al.
(1978).

The magnetoelastic contribution to the magneto-
crystalline anisotropy constants for the HCP structure is
given by Birss (1966) and by Brooks and Goodings (1968) for

K1 and K2;

AKy = -Rg((Cy4C)5) (Ag+hg)+2X:C1 ) =(Ry#R; ) (€730 +2g) #3532 )
-1/2 (-AA-AC+4AD)ZCAQ

AKz = =1/2 €13 (\+A)=C1 oM Ag~Crahc( g +hg)

-1/2 C530+1/2 caa(')n‘*c+4*0)2
ees(Hs2)

 eas(Hel)

where )“, Ag» A and XD are the magnetostriction constants (an
alternative convention to those of chapter 2, section 2.5),
The Cij are the elastic stiffness constants and Rg and

R0 + R1 are the anomalous thermal expansions perpendicular

and parallel to the c-axis respectively. The exbansion data
is not, at the present time, available for cobalt.

The magnetoelastic effects in K2 can, by inspection of
equation H.2, be derived without a knowledge of the thermal
expansion data. Using >ﬂ = -45*10-6,.XB = -95*10-5,

Ac = 110%1075 and ) = -100%107° from Bazorth (1954), end
using C;, = 3,07x10l N/m?, C1p = 1.65%10% n/n?,

C.. = 1503x10%1 N/m2, Cyy = 3.58x1011 n/p2 and C,, = 0.76%1011

13
N/m% at 300K from McSkimmin (1955), a contribution to K, of

324
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3K103 J/m3 can be demonstrated at room temperature. At

600K the value is found to be = 1,7x10° J/m3 using XA = =14

xlU-E,‘XB = —65.3x10-5,)\c = 86%10™° and Ap = -58,2x107°

from Tsukiji (1869) and C,, = 2.4x10%t n/?, C)p = 2,4x10%t

11

N/m2, C,5 = 1.33x10M N/n?, Cyy = 2.5%10'1 N/m? end

13
Cyq = 0.45%x10'1 N/n? from masumoto et al. (1967). Thus the
contribution to K2 by magnetoelastic effects was, at room
temperature, smaller by a factor of 100 than the measured

values of Ky and, at600K, smaller by a factor of 1l0.
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APPENDIX I : THE MAGNETOMETER
PROGRAM USED DURING THE WORK
UN TERBIUM/GADOLINIUM ALLOYS

The following program was used in the analysis of
the terbium/gadolinium alloys. It is a longer program than
that used in the cobalt analysis but less sophisticated in
both the method of data collection and in the processing of the
obtained torque curves (see chapter b6, section 6.6.2). The
program does, however, allow a choice of crystal symmetries
to be studied. O0One torque curve only is taken during each.
run. Execution, for a 60-point analysis takes.abuut two
minutes. The analysis of Kq4 only was carried out using this
program sineg the K1 values were derived from a torque
gradient method (from the X~Y recorder plots) due to the-
failure of the available fields to saturate the high terbium

samples.over the full angular range of the field.

8 REM:MAGHETOMETER PROGRAMME

18 POKE1.B:POKEZ.148:A%=1:NX=1:TX=1:REM INITIHLISHTIGN FOR INTERFACE
12 EEM H? IS ANGLE A/D' ADDRESS MO..TA IS MAGNETOMETER HEDRESa HO.
1 =6:TH=1

2@ CO=8:TT=TI:REM ZERQ TIMER,ZERQ COUNTER

3@ REM:INPUT DATA FOR EXFERIMENT

48 GOSUBiG0G

58 REM:READINGS TAKEM FROM MAGNETOMETER

€8 GOSUB 2686

78 REM:TORQUE READINMGS MULTIPLIED BY MAGNETOMETER TORGUE FACTOR
26 REM ANGLES COMVERTED TO RADIANS; SHEARING CORRECTION APFPLIED
28 GOSUER 3680 '
108 REM:FOURIER ANALYSIS ROUTINE

11@ GosUB4686 : -

128 REM:DISPLAY FOURIER COEFFS. & OTHER IMPORTANT IATA

138 GOSUBSEEQ L

148 REM:COMVERT FOURIER COEFFS. TO SIHE-COEEFS AMD PHHSE RHMGLES
158 GOSUBs@0e

166 REM:RELARTE SINE COEFFS. TO HHISDTEDPV CONSTHHTa

178 GOSUBYO86

508 PRINT"AMOTHER RUN 7 (¥ OR M>"

S82 GETZ$: IFZ$=""THENSGZ

583 IFZ$="N"THENS/@
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5&5 Co=1@&

516 INPUT"WHAT IS MEW FIELD °TPENGTH "iBO:PRINT

328 GOTOS8

4978 PRINT:PRINT:FRINT" PROGRAMME ENDS.":PRINT" TIME TAKEM WAS "
g&@ ERINTIHT((TI—TTPHSB):" SECONDS. " :PRINT :PRINT : PRINT

398 END

1660
861
5151
1665
1818
a1l
jeiz
161
a14
815
Bl

_918

2178
2188
185
190
200
2210
325@
260

PRINT"2 JTORQUE MAGHNETOMETER PROGRAMMEENNN" _
PRIMT"BEFORE ANY FURTHER ACTION. ENSURE THRT MWALL UNITS HRVE BEEN":
PRIMNT" SWITCHED ON FOR AT MLEAST 5 MINUTES.TO ENSURE THAT THERMAL "
PRINT"M - STREILITY IS ATTAINED" _
PRINT " ¥#WMREDUCE MAG. FIELD TO ZERO S0 THAT MAGNETW-OMETER OFFSET MAY".
PRINT" BE MERSURED.":PRIMT

PRIMNT"WHEN READY FPRESS RETURN.":PRINT

3 GETA$: IFR$#=""THEN1813

AN=TA:FORI=1TO188: TO=T@+USR(S) :NEXTI
Ta=INT(T@/ 188>

JIHPUT"WHAT IS SAMPLE SYMMETRY (HEX. OR CUBIC)> " ;5% PRINT: IFS${"H"GOTO1825
¢ PRIMT"WHAT IS ORIEMTATION OF SAMPLE WRT BRSAL":PRINT

INFUT"PLANE <FPAR. OR PERP.> ";0%:PRINT

IFO%>"PAX. "THENINPUT"WHAT I3 VALUE OF PHI "iTH:PRINT
GOTO1620 :

INPUT"SAMPLE ORIENTATION <1E. 18@.110.ETC.) ";CO$ PRINT
K=1:REM:K IS MAGHETOMETER CALIBRATIOM FACTOR

PRIMT"MAG. FIELD MAY BE SNITCHEB BHCK ON HOW. " :PRINT

PPIHT"MHGNET MUST BE ROTATED FRDM LOH HNGLE TO HIGH ANGLE.":PRINT
PRIMT"ROTATE MAGHET TO STARTING POSITION" :PRIWT""

INPUT"WHAT IS STARTING ANGLE ":P:Ax=AA:A=USR(S) :PRINT
PRIMT"ROTATE TO FINAL POSITION - >18BBEG.ROUND"

THPUT"WHAT IS FINAL ANGLE ".@:AX=AA'B=USR(S) PRINT
IFE=ATHEMPRINT " @00 HAYE NOT ROTATED THE. MAGHET":GOTO1835
REM:HEXT FINDS EQNS.FOR CONVERSION OF A/D OUTPUT TO AMNGLE <RAD.3:.
M=(A-B)¥180./{ (P-Q)%¥n) : C=A-P¥M¥nr-180

DEF FHA{YI=M¥V+C 'DEF FNBCWI={(W-C)/M

RETURN -

EEM&DHTH COLLECTION SUBROUTINE

L=

IFCO=1B6THEN2@3S ‘
INPUT"NUMBER OF READINGS TO BE TAKEN “;NO:DIM ATC(HO.2Z»:DIM ERCNOD) :PRINT
DIM ETCNOY

E={B-A>/(18%N0>

FORI=BTOND: J=n¥]/MO+P¥n /188 :ATC(I, 1 >=FNA{J) :NEXTI

PRINT"RESET MAGMET TO START POSITIOM. " :PRINT

PRIMNT"WHEN READY TO TAKE READINGS PRESS RETURN" :PRINT

PRINT"THEN ROTARTE MAGNET SLOWLY.":PRINT

GETY#: IFY$=""0G0T02135

A%=AA:R=08:FORI=1T020:R=R+USR(S) : NEXT

R=R20: IFR>ATCO, 1 > THENPRINT" #vOU HAVE NOT RESET THE MAGHET":GOTCOZ11@

3 PRINT"OK"

FORI=BTOND

A%=AA : R=USR(S5)

IFRCATCI. 1)GOT02150

IFR>CATC1, 1 2+E>GOTO2210
AZ=TA:AT(I, 2)=USR(5) : PRINT I:NEXTI
IFZZ>@G0T02250

PRINT"ALL RERDINGS HAVE BEEM TRAKEM.":PRINT
G0T02500

ER(ZZ3=] : 22=22+1 : NEXTI

FORJ=@TOZZ :ETCJI=ER(JY :NEXTJ
KR=22 : 22=0
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2310 PRINT"SEVERAL OF THE DATA POINTS HAVE BEEN MISSED.":PRINT
2315 PRINT"POINTS MISSED ARE :-":FORI=@TOX¥-1:PRINTET(I); :NEXTI:PRINT
2320 PRINT"RESET MAGNET TO START POSITION. " :PRINT
2 30 PRINT"WHEN READY TO RETRAKE THESE READINGS PRESS RETURN. ":PRINT
2340 GETAS: IFA$=""THEN2240
2g4s PRINT"OK"
50 FORI=OTOMK-1

2360- A%=AA: R=USR (3>

78 IFR<ATLETCI) . 1>G0T02360

88 IFR>(ATCET(IY, 17+E)GOTO2400

508 AX=TA:ATCET(I, 2>=USR(5) PRINT ETCI) :NEXTI
395 IFZZ>860T02250

G0TO2416

ERCZZI=ET(1):Z2=Z2+1 :NEXTI

IFZZ>6G0T02250 |

PRINT"ALL READIMGS HAVE BEEN TAKEM.":PRINT

RETURN |

REM:DATA CORRECTION SUBROUTINE

FOR1=GTONO

ATCI. 2)=CATCI, 22-TO#K

ATCI, 1)=FNBCATCI, 120

NEXTI

RETURN

REM:FOURIER AMALYSIS ROUTINE

IFCO=10THEN4120

INPUT"ENTER HIGHEST FOURIER COEFF.WANTED “;F:PRINT

DIM ACFY:DIM BCF) :DIMCCF):DIMDCF) -

FORI=BTOFSTEPZ
CACIY=CATCL, 1)-ATCA, 1) YKAT (@, 2)%COSC IHATCD, 1))

BCId=CATCL, 12-ATCE, 1) I¥ATCO, 2XKSINC IHATCA. 1))
ACT3=ACI)+CATCHO. 12-ATCCNO-1), 12 AT CNO. 2)¥COS ¢ IHAT (NG, 1))
BC(I>=R(I)+¢ATCHO, 10-ATCCNO=1), 12 AT CNO, 2X#SINC IRATCND, 10 Y
¥ .FORI=2TO(HO-1>

) BCII=ACTI+CATCC T+, 10-ATCCI-12, 1) YRATCT, 2)XCOSCIRATCT, 1))
gg;;;ncr;+cn7cc:+1w S -ATCCT-1), 1) IRATCT, 2IRSINCIRATC T, 13)
3 BCIY=AC DA BCID=BCID A

3 JEXTI .

RETURN

REM:FOURIER COEFFICIENTS DISPLAY

PRINT"D FIELD STRENGTH ".B@:PRINT

 PRINT"MAGNETISATION =";MS:PRINT

) PRINT" NUMBER OF RERDINGS “,NO:PRINT

' PRINT" FOURIER COEFFICIENTS ARE :-":PRINT

. FORI=2TOFSTEPZ

F ACTY=INTCIE4#%ACI Y 2/ 1E4
. B(I)=INTC1E4¥BCI) )/ 1ES
B PRINT® _ AC";1;")=";ACI), "BC"; 13 " =" B(ID

e A ED 0D ~3 O B £ P = D AD 3 5 G e D) (B G e S0 %0
@ é&@@@@@m@@@@@@@@mmﬁr

@@@Q@

%B%g

%5&5%%

ARDASIAGAREHRE S 2SS B LROEHOWARUBRNRNL LY
vm}.’@

S >a&g§ PRIHT"MIN FORM c¢x>srnc1#x+n> WE HAVE": PRINT
6110 FORI=BTOFSTEP2

6120, CCI>=INTCIE4R{CACTIRACTI+BCIIHBCIY ) 18,50 /164
S138  TN=AC 1 Y (BCI D +1E-3@)

E438 DT Y=RTNCTHY

5131 IFTN<OANDB( I > >GTHENDC I 2=D{ I +n

i

¥
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IFTN>BANDBC I > CBTHENDC I »=B{1)-1

DI r=INT(1E4%D(I 2 2 /1E4
PRINT"C{"I"»="CCI2, "B("I">="DI)

NEXTI

RETURN

REM:CALCULATION OF AMISOTROPY COMSTANTS
IFCO=18THENV@16

DIMS(F?

.FORI=BTOFSTEPZ

SCIa=CCI)
ﬁ:g??(DMI}—D(E}}}2.EHNDHBS(D(I)-D(E}){S.STHENS(I)=—SEIb
IFS$<"H"THEN750@

IFO$>"PAX" THENV 206

Kd=5(&) /-6

PRINT"K4 ="Kd

. GOTOP910

K1=-5(2)+2%5(4)~345(6)

K2=2%5(4)-¥S(E)

K3=16¥S(6)/3

PRINT"K1 ="K1:PRINT:PRINT"K2 ="K2:PRINT:PRINT"K3+"PH"#K4 ="K3
60707718

IFCO$<>" 100" THEN7E0@

Ki=-2¥5(4>

PRINT"K1 ="K1:PRINT

60707718

IFCO$<3>" 118" THEN? 700
Ki=—1.6%(5(4)—4%5(2))

K2=25, 6¥(5(4)~1, SHG(2))

PRINT"K1 ="K1:PRINT:PRINT"K2 ="K2:PRINT
GOTO?710

PRINT"SYMMETRY OF AN UNKNOWN TYPE.":PRINT
3, PRINT"IF YOU WISH TO SEE THE FOURIER COEFFS.M AGRIN PRESS F . OTHERMISE

PRINT" RETURN. " :PRINT
BETAS: IFAF=""THEN7/738
IFH$‘"F“THENGUSUBGGBE RETURN
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APPENDIX J : DATA FOR THE TERBIUM/
GADOLINIUM ALLOYS WITH PROGRAMS FOR

THE_TEMPERATURE_DEPENDENCE ANALYSIS

Table J.1 gives the éasyié}isegra&iebts for samples of

the given specification for ‘a range of temperatures. These

apply to the uniaxial torque curves (that ié, with the 28

harmonic fundamental). From these values were calculated

the K1 data given in table J.2 along with magnétisation

values derived from Bagguley et al. (1980 a,b). Table

J.2 also gives the reduced magnetisations, the inverse

Langevin function of the reduced magnetisations and the

reduced hyperbolic Bessel function of the inverse Langevin
function of the reduced magnetisations. Table J.3 is the
interpolated Ky data as actually measured at the given
fields; it is not subject to the uncertainties that surround

the extrapolated data (table J.4) for which an arbitrary

functional field dependence was assumed. A
Programs Je.l, J.2 and J.3 helped in the fitting of the
theoretical temperature dependences to the anisoetropy data

(chapter 8, section 8.6). The first pfogram simply derives

the invefse Langevin function of a stated reduced

- a e
e TP 1/ g g Y+ ST ST R o R PR 0
‘&W?ﬁ?‘a.‘”?%“ﬁ,w‘fﬁﬁ’”1""""?‘1"?"”’"&9"“»6" TR " -

e e

%5

magnetisation. Reduced hyperbolic Bessel functions (see.
Appendix K) were found from a set of tablesf(see, for

example,Joraide, 1980). The second program accomplishes

A

the least-squares fit of all the fUncfipnal forms cited in

§ section 8.6 from data of the type provided by table Je2e
% The third program simply reconstructs the theorétical_fi%é
f | from the parameters producedlby the previous program, at-
?5 selected temperatures. |

— e YTE R e e = = — o C
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EXTRAPOLATED K, DATA FOR Tb,Gd,, ALLOYS
TABLE J:4

%£To/T(k) | 80 | 90 |100 }110 120 | 130 | 140
5 0-24 | 0023 | 0+21 | 017 | 0¢12 | 0°09 | 0-07
10 068 | 0°58 | 0°46 | 034 | 0+25 | 0+20 | 015
30 - 208 | 1274 | 1968 [ 143 [ 1210 | 0-78 | 0+60
50 474 | 367 | 2¢65 | 199 | 1+47 | 1-00 | 0<60
75 -- | 8977 | 6223 | 4+58 | 3213 | 2°24 | 1-68
100 1Me36| == | == | == | == | == | =--
%Tb/T(K) [ 150 [ 160 | 170 |[180 | 190 | 200 | 210
5 0004 [ 003 | == | == | == | == | --
10 010 | 0°07 | 0+05 [ 0<01 | -= | -- -
30 0¢43 | 032 | 023 | 014 | 007 | 003 | 0+03
50 0-42 [ 0°17 [ 001 ] == | == | == | --
75 1¢15 | 0+67 { D*47 | 0+38 | 0-20 | 0+09 | --

The values of the anisotropy constant K4 _

(x 10% 2 m~3) extrapolated to infinite fisld using

a reciprocal-field plot.
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PROGRAM 3.1

18 PRINT"INVERSE LANGEYIH FUNCTION PROGRAM"
28 INPUT"MCT> 8" 2M

38 K=.3

48 A=EXP(XI+ERP(-K)

50 B=EXP(M)I-EXP{(-¥X)

68 C=A-BT2K{1+1/(KT200/R

78 D=B-BT2%C1./X+M> /A

88 E=¥

980 ¥=INT<1008#(X+D/CH+,52/1080
1868 PRINTH

112 IFK=E THEN 28

128 GOTO48

ia
28
38
48
Se
at
56
62

64

66
68.
7@
75

=1

o]

iea
i@
128
138
id4a
156

~16a
17
138

i%a
192
154
21@a
226

PROGRAM J.2

PRINT"LEAST SQUARES FIT"
INPUT"NO OF DATA POINTS:":N
DIMIKCHY L LCHD A MCHS , TCND

FORL=1TON |
INPUT"MCTY, 1¢S/25 ,K1s Y pMcl)y, TCL) KCLD
MEXT L -
INPUT"ANALYSIS NUMBER" »TT

PRINT“MAMUAL <(M> OR AUTOMATIC (A, ITERHTIDN ROUTIHE -

SET RA$:IF Asax""THENGY

IF A$="M" THEHM 2060

IF AS<OY"AYTHEN 64
M1i=0:M2=0 :C0=0 :D0=0 tE0=0 sN1=0 :N2=@ s I =1
Mi=Mi+]
GOSUB 1886
SR=3&
Mi=Mi+]
GRSUR1 806
1F SQ{SRHHD CO=aTHEN 8R=SQICG—195M1=N1+I GOTOIlB
IF CO=BTHEN CO=20:Mi=M1-2%]:60T011@ . . -

IF SQCSR AND CO=18THEN SR=S iMi=Mi+] :60TD116

IF CO=18THENCO=3@ 1M1=M1~-I sM2=M2+1 :G0TD1180

IF SOCSRAND CO=28THEN SR=SQ:M1=M1-1 0070116

IF CO=28THENCO=33 1M1=M1+] sM2=M2+1 :GOTO116

IF SG<CSR AND CO=22ZRTHEN SR=S50:M2=M2+1 :00T0118

IF CO=38THEN CO=4@:M2«=M2~I :G0T0O118a

IF SQ<SR RND CO=4@THEN SR=SQ:M2=M2-1:60T011a

IF SR>SR AND CO=48 THEN ME=M2+I=BOT021@

CO=R o
IF DO=@ HHGEO=ETHEN'SSESRIN1=N1:NRHHEmﬂ0=1GtGDTUIGQ



238
zve
2e@
298
300
aie
aza
330
348
3se

166a
1941
ipaz
lea3
iva4g
1605
iaca
- lana
16e6
2080
zeei
2802
2083
2084
2005
2008
2866
2065
2086
2067
2068
20639
2078
36006
| 3aia
- 3820
[836
3844
IVSA
4000
4aia.
- 4829
| 49836
4040
4050
S008
L Sala
Saza
5030
Sa4a
Sa5a
c0oa
6018
T 6026
- 6834
- 660468 NEXTP
ensa RETURN -

IFDO=18 ANDSR{SSTHEN S$=SR:Ni=MiiN2=M2:G0TO100
IFEO=THEN Mi=N1+IM2=N2-1:E0=183:D0=0:G0T0116

336

IF EO=18AND SR{SS THEN S5S=SRiMNi=M1 sN2=M2:M1=N1+I:M2=H2-1:60T0118

IFEQ=18THENEQ=2@ :M1=H1-2#] :M2=N2+2KI :GOTO1 16

IF E0=20RND SR<{SS THEN SS=SR:N1=N1=N2=M2:N;=N1—I=M2=H2+I:GOTDIIB

IFEQ=28THEN3209
IFI=, 081 THENM1=N1 :M2Z=N2 :GOTO346
I1=1/1@31M1=N1 :M2=N2 :GOTO?S
PRINT"FIMAL RESULT :" :GOSUB1000
GOTO20606

IFTT=1THENGOSUB3GOA
IFTT=2THENGOSUB4800
IFTT=3THENGOSUBSA66

IFTT=4 THENGOSUBER8S
IFTT=STHENGOSUB7008
IFTT=6THENGOSUBS00G

PRINT"M{ s"M1," M23"M22"SR:" »SQ
PRINT"»

RETURN

INPUT "GUESS M1,M2:2 " M1, M2
IFTT=1 THENGOSUER3Qa6
IFTT=2THENGOSUR4000
IFTT=3THENGOSUBSAGH

IFTT=4 THENGOSUREHOA
IFTT=STHENGOSUR7 0008
IFTT=6THENGOSUBSGGA

PRINT 5@

PRINT"HEW ANALYSIS? <Y OR MO
GETAS : IFA$=""THEN2856
IFA$="Y"THEN S6&
IFA$="N"THENZ&78
IFR$<I "Y' THENZGES

GOTO2006

S6=0

FOR P=1TON .

L{P>=MikM{PY TM2 -
SR=SE+CLCPY~KCPY 212 o .
HEXTP :

RETURMN

SQ=6

FOR P=1TON

LL{PY>=M1kILP) .
SQe=SE+CLCPY~KLPI 212

NEXTP

RETURN

Se=0 .

FOR P=1TON

LCPO>=MimMCPITE2 . -

SA=SQ+{L{P>~KI{P)>12
NEXTP

RETURM

S6=a -

FOR P=1TON
L{PO>=M1¥I(PO+M2MMLPOIT2
S=5@+(L{F)-K{(P)>J12
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ia
2a
30
48
58
&a
e
ga
2a

ioe
iia

PROGRAM J.3

DIMTC82 eDIMM{E) sDIMICB) :DIMICB) e DIMK(R)
INPUT"ZTR" : TB

PRINT"K1 RNALYSIS ?{% OR H>"

GET A% :IFAR&=""G0TO48

IF A$="N"THEN B$="K4":00T0120
B$="i1"

FORN=1T08

INPUT" TEMPERATURE" ; TCHY

INPUT"REDUCED NHGNETISHTIDN"}M(H}
INPUTHICS 25" ICND
NEXTH :GOTO138

128 FORN=1TOR
138 INPUTYTEMP" »T<{N>
148 INPUT"REDUCED MAGHETISATION" »M{HM>

15a

INPUT"IC(S /25" :K<{N)

168 INPUT"IC(S/722" s JCHD
178 INPUT"IC13/20% XM
188 NEXTH

196 INPUT"RA" A

288
218

INPUT“B" ;B
INPUT"C" 3C

228 INPUT"D" :D
238 INPUT“E" :E
24a INPUT"“F":F

258
268

INPUT"G" ;G
OPEN1 , 4

270 FORN=1TO& :PRINT#1 " " sNEXTH

28a

PRINT#1 .B$,"TRBX="TB

298 FORN=1TOS

308
3ia
328

PRINTH1 . T{(N> . REMC{NI 1B, C*I(N),D*M(H)TE E¥ICN>+FRMINI 12,
IFB$="K4"THEN PRINT#1 ,GEICNIRK (N GDTDSSB

PRINT#1,.""

33@ NEXTH
348 CLOSE1L

350

GOTOZ8




APPENDIX K : HYPERBOLIC BESSEL FUNCTIGNS

The temperature dependence of the anisatrbpy constants
for the terbium/gadolinium alloys has been given in terms of
the reduced hyperbolic Bessel functions. These are derived

from Bessel's modified differential equation;

xz’y' + Xy - (x2 + n2)y = 0 (n30) ', ese(Kel)
ﬁhich has solutions of the form;

I (x) =173 (ix) = Exp(=in7y/2)3 _(ix) eee(K.2)

where Jn(x) are ordinary Bessel functions of the first kind.
The In(x) are termed hyperbolic Bessel functions, and can be

expressed in terms of the series;

o0 (x/z)n-o-Zk
I X = eos e K.
n( ) EEE k§ C(n + k + 1) ' (- 3

The reduced hyperbolic Bessel functions are defiﬁed as ;

I.(x)

?.n(X) = W - .. . .'-...(K.ﬁ')

and thus } ;

Is/z(x) = éothx - 1/x . ---(k-55

is the familiar Langevin function, J(x). Using the

recurrence relation;
I,,1(x) =T _,(x) =52 (x) B ces(KeB)

. together with equations K.2 and K.;,,the'fﬁlloming analyiid

' . expressions can be derived:

Ty/plx) =1+ 38 = (/xCathx - aake?)

" 338
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Tg/p(x) = 1+ 45/x% + 105/x* = (105/x> + 10/x)Cothx
...(K.B)

?13/2(x) =1 + 210/x% + 4725/x% + 10395/x°
~(21/x + 1260/x> + 10395/x°)Cothx oo (Ko9)

Vdlues for the reduced hyperbolic Bessel functions hava

been tabulated (see, for example, Joraide, 1880).
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