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ABSTRACT

The object of the thesis is to demonstrate the existence of Schottky
type anomalies in the low temperature thermal expansion of dielectric
crystals produced by the presence of a small concentration of strongly

coupled paramagnetic impurity ions.

Cryogenic equipment, utilising a three terminal capacitance dilatometer,
for the semi-automatic measurement of thermal expansion at low tempera-
tures using a dynamic measurement technique has been designed, constructed
and commissioned. The results of application of this apparatus to
determine the cont}ibution to the thermal expansion at low temperatures

of éluminium oxide (A1203) du§+to zmall congintrazions 0f3itrongly
coupled paramagnetic ions (Cr® (3d ,5D), Mn” (3d,5D), V’  (3d°,3F))}
is presented. Peaked anomalies in the thermal expaﬁsion of A!ZO3 doped
with these ions have been observed which are not present for undoped
samples. The effects observed are in contrast with those predicted
using a static crystal field model but may be interpreted in terms of a

dynamic Jahn-Teller model.



CHAPTER 1
An introduction - N . ‘ _ T - Page
.1 The use of thermodynamic properties for the detection of para- 6

magnetic ions in dielectric crystals.

1.2 The use of thermal expansion for the detection of paramagnetic

ions in dielectrics.

1.3‘ Séope of the thesis. b _ 1U



1.1

The Use of Thermodxnamic Properties for the Detection of

Péramagnetic fons in Dielectric Crystals

It is a principls of ba51c thermodynamics that we can deftne

the thermodynamic properties of a system In terms of.various

_ thermodynamic potentials. These potentials will be additive -

functions of state in that it is possible to express‘them in
terms of components of each of the various degrees of freeddm
of the state. For instance, if we consider a systngwith n-
degrees of freedom, we may express the internal energy 'g' of

the system in terms of 2n primary variables.

du = Tds + Z Xt | (1_.15

Where T and S are the temperature and‘entroﬁy of the system,
and the X; and dx; are the pairs of conjugate primary variables
for the various contributing subsystems (the products Xde;

having dimensions of energy).

The various thermodynamic variables may be expressed in terms _
of differentials of these thermodynamic potentials. For ihétance,
the specific heat at constant volume, Cv, may be expressed in .
terms of tHe Heimholtz free energy, F, of the system by the 2nd
differential ‘ |

Cv © -TV (g:;:)v (1.2)

We would hence expect the specific heat at constant volume to be
a sum of components due to the n different contributing subsystems.

tv = Z Cwm (1.3)

-

in particular we should éxpect a contribution to these thermodynamic

potentials due to the presence of paramagnetic entities in the

crystal lattice.  These will have a-discrete. energy level struc-

ture and the physical propertles of such will be domnnated by

transitions between these levels, either as a therma]ly exci ted

average or by individual transitions induced by thermal excitation

or by electromagnetic or ‘'acoustic' radiation.



In particular we will have a contribution to specific heat at
constant volume due to thermal excitation of & series of energy

- levels Eo, E En, with degeneracies fo, f fn

1 ca s e l L A

which is given by ((Griffith 1961) eqn 2-16)

cvs = (CED = LESY) -

RTZ

Where the triangular brackets,< > , denote thermal averages of

the form:

- . Fiocs ‘EEE;(“ELIFEE>
=2 Ei‘ﬂ exp (-€¢[eT)

and where k is the Boltzmann constant {(k = 1.381 x 10“23 JK-I).

(1.5)

. The quantity Cvs is the well known Schoétky specific heat with

the characteristic peaked profile as shown in figure (1.1).

We should hence expect to observe a peaked anomaly in the‘specific
. heat of a crystal containing a concentration of paramagnetic ions

provided that:-

1/ The concentration of the ion is such that the magnitude -
of the Schottky peak is comparable with the sum of other .

contributions to the specific heat.

2/ The concentration of the ion is such that the magnitude of
the Schottky peak is within the sensitivity of the measure-

" ment technique.
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FIG. 1.1 a Schottky Contribution to the Specific Heat of A1203

due to the Presence of Cr2+ Impdrity lons.
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In general there may also be contributions to other thermal
properties resulting from a concentration of paramagnetic ions
such as thermal conductivity (eg Callaway (1959)) and thermal

expansion (to be discussed later)

The Use of Thermal Expansion for the Detection of Paramagnetic

lons in Dielectrics

The standard Gruneisen theory for thermal expansion {eg Collins
& White (1964)) may be generalised to include the effect of two

level impurity ions, with level splitting Es. The volume expan=

.sion coefficient ﬁ is then given by:

_é., . B Cu ¥ .&Cs (i.6)
xT ] v

Where CL and Cs‘are the heat capacities at constant volume V of

the lattice and ions respectively, K is the isothermal comp-
ressibility, and ¥ and Ys are the laItice and ''Magnetic"

Gruneisen parameters. Expressions for Yﬁ, and ~1; wifl be studigd
in more detail later but the magnetic (or Schottky) Gruneisen .
parameter is broadly defined as the volume dependence of the enéréy

splitting Es:-

YMaBsY 0w
S(fE) o

There will be an cobservable effect in the crystal thermal expansion
when XI..CL ~J D’scs E When this condition is satisfied,
we should expect to observe a peaked anomaly in thermal expansion
at a temperature similar to the Schottky peak in‘speciffc heat.

We will again show later that this theory may be readily general-
ised to multi-level system by defining Gruneisen parameters

for each of the'n individual leQels. that is:-

6 =, %T’KLCL + BS..
\4

Where @g is the Schottky thermal expansion expressed by i~

s K (( ¥ ED — b’LE¢><a>)

VKT2
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1.

Where the triangular brackets denote thermal averages as before.
‘We should hence expect the anomaly in thermal expansion to occur
at the same temperature to .that in specific heat only when the-

levels have equal Gruneisen parameters.

As we have previously described, specific heat measurements pro-
vide information on the energy level splittings of the paramagnetic-
ions and also ionic concentrations but are experimehtally difficult
measurements to perform. Thermal expansion measurements provide
additional inFormatioh in the Gruneisen coefficient }( This

when determined would point in a more "direct fashion to Lhe exist-

ence of a strong Jahn-Teller effect.

The value of K; predicted by a static crystal field model,

assuming'a tetrahedral environment where the crystal field splitting
zﬁp{oﬁs ('a' is the atomic spacing), is 5§='£g . The value

of the parameter in the presence of a dynamic Jahn-Teller effect

is more cohplex, but in general large(~30) positive values are

to be expected in the presenee of a tunnelling splitting or strong

dynamic Jahn-Teller effect (see.Chapter IL)(Sheard (1971)).

Some.experimental observations of volume dependence associated

wi th discrets energy levels have been reported in TmSb (Ott and
Luthi  (1976)), solid argon (Tilford and Swenson (1963)), alkali'
halides (Case et al (1974)) and upon natural crystals of Zn$
containing Fe impurities {Sheard et al (1977)). The experimental
results obtained in the ZnS measurements suggested a magnetic
Gruneisen parameter of X% Z'f% which is consistent with the
predictions of a static crystal mode (although_the presence of

a weak Jahn-Teller effect was not precluded).

Scope of the Thesis

A great deal of experimental and7theoretfcal work, over several
years, has been performed on the properties of various paramagnetic
ions in several host lattices (see Bates (1978) for an extensive’
bibliography)$y Of particular interest are ions which, using static
field theory, have E type orbitals in an octahedral environment,
such as Cr (3d ’S‘ D) in MgO, when it is thought that the orbit-
lattice interaction is so strong that a simple description using
static crystal theory is inadequate. In this situafion, the elec-

tronic states couple to the vibrations of the neighbouring atoms
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producing a dynamic Jahn-Teller system (Sturge {1957}) which
has been calculated in some detail for the case of Cr2+ in Mg0
{(Fletcher and Stevens (1969)).

éiperimentally, the quantitative measurement, or even the detection
of small quantities of impurity iongis extremely difficult. The
energy level splittings of such ions are typically in the range
v to IG ™ and are difficult to measure by reasonance teéhniques
using electromagnetic or acoustic radiation. However, the presence
of very small amounts of magnetic ions,.strongly'coupled to the
latfice, can have quite large effects on the physical properties
of materials. One example is the ruby system (AI203:Cr) which has
received a great deal of attention. Davies et al (1965) showed
that the laser_efficiency of a ruby was increased three fold by
Xr_ irradiation and later work (Brown et al (1973)) showed
that 3<Jrradiation caused the formation of Cr2t {again strongly-f'
coupled to the A!203 lattice). The properties of Cr2+ were
investigated qualitatively with some success usirg thermal cond-
uctivity techniques and it was shown that very small concentrétidns
6f Cr2+ (estimated to be~sCippm) acted as an efféctive energy

3+

short-circuit taking energy from the active Cr jons and trans-

ferring it to the lattice.

The purpose of this thesis is to démonstrate'the presence of
peaked, Schottky type, anomalies in thermal expansion at low
temperaturés due to small guantities of various paramagnetic ions
in Aluminium Oxide and hence demonsfrate the possibility of Qsing
thermal expansion at low temperatures as a technique for the

detection and study of such ions.

Semi-automated cryogenic eguipment was constructed and developed
for the measurement of thermal expansion at low temperatures.

This equipment incorporated a sensitive, three terminal, capaci-
tance dilatometer and a ratio arm transformer capacitance bridge

for the precise measurement of thermal expansion utilising a

~ dynamic measurement technique.

This apparatus was used in an extensive series of experiments to

measure the thermal expansion of Al both as pure crystals,

0,,
273"
and doped with small concentrations of Chromium, Vanadium .and

Manganese impurities.
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Aluminium oxide (Al_.0.)}) was chosen as the dielectric for two |mportant

2 3

reasons.

1/ Large crystals of aluminium oxide, both pure and containing various

species of paramagnetic ?mpdrities were readily available.

2 3 is high (1023) so that lattice

contributions to thermal! expansion at low temperatures will be

2/ The Debye temperature of Al

very small and not dominate any magnetic contributions.

Particular effort was expended in study of the ruby (Al,0.:Cr) system .
vecavse 273

This was of considerable interest . :-
’ 4%

1/ As éhromid% is a substitutional impurity for aluminium in the AI203
lattice the valence state of a majority of the chromium ions
present will be +3. Theconééntrationof Cr2+ (a very strbngly
coupled ion) may fhen be varied by }( ~irradiation and U-V treatment.
The aqomaly in thermal expansion, if dﬁe to Cr2+, should hence be

turned on and off by such treatments.

2/ Although Cr substi;utes for Al which experiences essentially a tri-
" gonally distorted cubic field, there is evidence (Brown (1971),
Bates and Wardlaw(1980)) that crdt produces an almost pure cubic
field environment for itself.
3/ The static éubic field model does not explain the behavfour bf’Cr2+‘
in AI'O (Challis and de Goer (1970)) and consequently the dynamic
Jahn- TelIer model has been déveloped (Bates and Wardlaw (1980)) in

some detail for this system.

4/ The theoretical work of Sheard suggests that the magnetic Gruneisen
parameter for ions experiencing a strcng {tunnelling splitting)
Jahn~Teller effect should be markedly different (large and positive)

3
Thermal expansion measurements should hence help to reinforce evidence

to that expected from a static crystal model (\(S:.- -5)

‘for a tunnelling splitting effect.

The experimental work on the samples have shown positive anomalies in
2+

the Tow temperéture-thermal expanSion of AI203 Mn3. and A|203 :Cr

wi th \0’5'\/ {eloZ » consistent with a tunnelllng spllttlng model. It

has also been demonstrated that the anomalous effect attributed to the

presencé.of Cr2+ in the ruby sample could be 'turned on and off' by
YF?Eradiation and UV treatment respectively.

Negative anomalies in the thermal “expansion of AI203:V at temperatures



13

3+

consistent with the presence of V

observed with a Gruneisen parameter of \6; ~ .

No anomalies were observed in the thermal expansion of pure Al

in the temperature range measured(Q'ZS KY

ions in the sample have been

203
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CHAPTER 2

A Simple Theoretical Treatment of Thermal Expansion..
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2.1 INTRODUCT I ON

.In-this chapter an attempt will be made to provide a simplified over-
view of the theoretical description of the thermal expansion of crystals,
and contribufions to the thermal expansion due to small concentrations
of paramagnetic impurity ions in the crystal lattice. A detailed

" discussion of theoretical modelling techniques which have been used to
describe the crystél lattice is unnecessary and is discussed extensively
in several review articles {eg Barron et al (1980)). Simflarly a
detailed discussion of the role of the Jahn-Téller effect applied to
paramagnetic ions is not given as this also is discussed extensively in
the literature and several excellent review articles exist (eg Bates (1978)).
The discussion here will be limited to a &escription of the 'standard'
Gruneisen theory of thermal expansion and how this may be extended to
include contributions from small concentrations of paramagpetic ions

and the physical.parameteré describing the fons which determine. the:

magni tude of these contributions to thermal expansion.

2.2 GENERAL THERMODYNAMIC THEORY OF THERMAL EXPANSION

2.2.1 Introduction

Thermal expansion, which we understand as being any dimensional change
with change in temperature, may be characterised by a volumetric expan-
sion coefficient, ﬁ% . This coefficient of volumetric expénsion may

be defined algebraically to be:-
B-(d¥) |
: (’.B_r | P (2.12)

Where V is the sample volume and T is the temperature. Using simple
thermodynamic relations it is easily demonstrated that the expansion

coefficient may also be expressed by:-
.| (aP)
o> = - 2.1b
() 951- }1‘ V. | ( )

Where P is the pressure and'k51 is the isothermal compréssibilitD L=

_~(3laV
Wy = (%ﬁ“>f
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We can also describe volumetric expansion, for cubic and isotropic

solids, in terms of the linear expansion. “coefficient X by:-

- , alne, | |
32234 =322 (2.1¢)
& ( 3T )P |

Where € is the sample length.’

But, in general, for anisotropic solids, the expansion must be
expressed in terms of the macroscopic Straih‘parameters,ﬁg , by the

expansion tensor:-

. N S
A= (.——)—1:)p ' (2.2)
Where - Hj v fési*

'The.subsckipts,t » describe princip&k direqtions in. the Voigt notation.

The dimensional changes are éuéh as to minimisé the Helmholtz free
energy of the lattice. This, being an additive function of state, has
contributions not only from the lattice but from itinerant electrons,
electric dipoles, magnetic ions, nuclear spins and other properties.
Thus we should expect the thermal expansion also to have contributions

from these various prorerties. ‘ '

The microscopic theory of thermal expansion derives from the work of.
Mie (1903) and Gruneisen (1912). Many theoretical and experimental
studies are now defined in terms of a parameter, X. , known as the

Gruneisen parameter and defined algebréical]y as:-

§oBY - BY

by = == (2.3)
;v‘fCV xsc"p i '

Whereﬂﬁvmuiz%are isothermal and adiabaticc0mpr9§5ibilrtiesand‘Cv,

Cp are heat capacities at constant volume and pressure. Gruneisen,

using a quantum Einstein model characterised by a single vibratienal

frequency y derived from inter-atomic forces, found that this para-

meter 6’ was indeed identified by:-

= =y
}(“ “1sgzc373 ' (2.4)

This expresses the essential role of anharmonicity of the crystal

lattice potential. For a purély harmonic lattice potential the
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parameter(blrﬁ’/”“\/)is zero. As little is known concerning the
specific values of these anharmonic contributions in a particular
crystal lattice, the thermal expansion is normally studied within

the confines of a quasi-harmonic approximation. In this  technique

“the anharmonic terms in the lattice potential energy are neglected

and the interaction constants of the harmonic model considered to
be  wvolume dependent (eg Leibfried and Ludwig (1961), Barron and
Kilein (1962)}.

2.2.2 lsotropic Solids

The volumetric expansion coefficient, . may be related to the
Helmholtz free energy,F(V,T}’ via standard thermodynamic'transform-

ations.

[
h - 3 ;—i‘ .
WHT W (2.6)

Where S is the entropy and'?%.is the isothermal compressibility:_lThe

isothermal bulk modu!us,'}T-, may be defined algebraically as:- -

VE

w (P . ‘
R (] ,\K(W,l _

- 3‘»\\/’1’ (2.7)

Therefore it is simply shown that

ﬁBT'= 3 (2.8)
' IVIT '

Similtarly the specific heat at constant volume may be defined-in

terms of the free energy as:-

S A X
Cv = T(b—rz v o (2.9

The Helmholtz free energy being an additive function of state, subject
to the limitations of the adiabatic principle, ﬁay be expressed as a
sum of terms due to the different 'components' of the system. The
separatibn being valid providing that the energy states of any one df

the components can be calculated to good accuracy by assuming the



eﬁergy states of the other = components to be in some 'frozen'
averaged configuration, that is,'to have sﬁfficientiy different
relaxation times for the component systems. Independent additive
contributions. can thus also be obtained for the derivatives of the

free energy F, such as entropy, heat capacity and bulk modulus. This
is not so for thermal expansion which is a ratio bf derivatives.

Since the bulk modulus, which at low temperatures is normally dominated
by the static lattice energy, varies little With temperature we may,
however, conclude that the  thermal expansion may be assumed to be a

sum of contributions from the 71, component ;ystems.
ﬁs 2 2 ﬁ%n1 B v (2.10) .

So we observe from eqn (2.6) that the magnitude of the components,
ﬁsﬂq , is dependent on the sensitivity of the free energy contri-

butions, Fm, to changes in strain.

8 X S 7 35m
= %%fin z r%%ﬂk-?;qr - (2.11¥ 

Gruneisen constants may also be defined for the various components

of the thermal expansion but it will be useful to firstly define the
Gruneisen constant,‘X’,in terms: of more Fundamental thermodynamic ﬂ'
quantities. The dimensionless Gruneisen function may be convenieﬁply
defined by considering the differential change in entropy resulting

from changes dV and dT in volume and temperature.

d4s - ( ) AT (ﬁ).Td\/ (2.12)
3V :
: CedinTe pbrVdiay (2.13)

And hence at constant entropy we define the Gruneisen constant:

X(ls\/) 651'\/ (AIK\T) .' (2.14)

Other expressions for 3' may be obtained by thermodynamic transformation:

Y(TV) = BY - BV (2.15)
ZoCy  XsCp |



374 pOLY)
(OIOT), O
' Cwv . ‘

Where U is the internal energy
o . )zF "
Y (Toy) - (388l V) < V(wﬁ) (58
o : C-————-———-* ‘ | !,
v

The Gruneisen constants for the different contributing components

may be expressed from egqn {2.17) by considering the entropy as a

sum of the separate contributions Sm.

-5,

[agtd]
: 2 .\q‘ \a T : S(m
Hence ('v ’5._(““/3 ntv: — (2.18)
] =t .
So that we have:- )

¥m = (BSM/B\'"Vfg. /C“\ - (2.19)

The measured Z( defined by eqn {(2.15) is then a weighted average

of the KWI of the various components.
noo 9.
X 2 Xm Cim /S...C,ﬂr\ (2.20)

2.2.3 Anisotropic Solids

For most materials the treatment considered above is insufficient
and must be generalised to include a change in shape, as well as a
change in volume, with temperature. The thermal expansion of the

material must be described in terms of an expansion tensor & ,

which may be defined by:-

& o« . (371)@/57).: (2.21)

2o T =B T
Where the(xu(s are anisotropic expansion coefficients at constant

stress,l’Lo(ﬂ) "is a Lagrangian finite strain coordinate describing

the deformation of the body from some 'reference' configuration, and

t"(ﬁ is the conjugate stress to %q{‘s ie

(2.17)
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E(}(ﬁ;{:ﬁﬁ = -' (

> )T,
nxﬁ (2.22)

Here the‘subscript q' denofes that all other'strain coordinates are
kept .constant, V is the volume of the reference configuration which we
define to be the instantaneous volume of the.solid at zero stress. To
use to advantage the ihdependence‘of onlyISix of_the-eIEments of a
stmetric strain tensor we adopt Voigt's notation for the six strain.

coordinates.,

??,,: 71}; N edc !’VL‘?; 2.77‘_2.3 d zng.z ) Qh; C (223)

"Similarly we can define the coordinates of thermal expansion using an

 exactly similar notation.

O<l = D{u, ‘?J‘.C’ ‘3(.,, :'2'1_23 =, 32 T _ (2.24)

And also the conjugate stress tensor to }Z) .

t, - ta.)ejc,;_'ﬁerétn:tsz e | - (2.25)

Having defined this abbreviated notation, equatlons (2.21) and (2.22)

may be simply expressed as;

(377 37), o
£ ".V"l( ¥/ 577,)).7“ ,2' o : | (2.27)
Where >\__= A B

As a preliminary'tolderiving the usual thermodynamic relationships

-we must first generalise the bulk modulus and compressibility before,

to give the elastic stiffness and compliances:

I
N
o/
o
>
N,
{

F B’Lr& T .' B ‘ (2.‘28)

g

1]

N
[a"g
c*
Y



SIS AR (2.29)

With similar definitions for the adiabatic elastic ‘constants G’s ,5‘
Hereﬁh}x is the Kronecker delta function, equation {(2.29} replaC|ng
the simple reciprocal relationship between the bulk medulus and the

compressibility.

Thermodynamic relations may now be established, as before, by manipulation

of partial derivatives but must be generaliced to allow for there being

more than two independent variables and these are stated below
(Barron et al {1980)). '

Equations (2.5) and {2.6) become for an anisotropic material.
e S gT (35 ' |

ST |
2 S,r (atﬂ),z | 5 (2.30)

Grunelsen functions are generalised from equation (2.17).

_1{: ( JS/B?Z')\)'Z;T /C,(, (2.31)

Where(bt is the heat capacity at constant strain. Other expressions

for 5’ may also be derived.

X (DMT)

S TA 8 (2.32)

= V(2
2L 1
Thus defining a Gruneisen tensor also in the Voigt notation.

o= N, o, s Wi e en  (2.33)

As with the isotropic case, if contributions to the free energy from
various subsystems are considered, we may define Gruneisen tensors for
each of the contributing subsystems by considering the entropy of the

material to be the sum of that due to the contributinglsubsystems.
S =S Sm | |
v, .
. (3u/y, ) JC. . (2w
J/")'“ - ( 27, 0S¥ 7m -



The measured ”6)» are again given by a weighted average of the

separate Bhﬁﬂi
¥y =S By Cym [ Com (2.35)

The relationship between the Gruneisgn tensor and that of t-z thermal

expansion is defined by generalising equation (2.15).

KA(T{VL):\/S): M,p(,u/C

And also
oAn= G ,.)E;S'”i;ﬁ. RINVAY z
= G 2k Ty /N ( &

The cbefficient of volumetrTC'expansion may then be expressed .

B3 %= C BT 1

r=t

. ;2 (2.38)
T ‘ i C‘P }% }* bfjlk j '

\(/
Where ﬂg* and 7& are generallsed compressibilities, that is

5--(31M/aﬂ3_§“3

an) : , (2.39)
bt} s, t , .

1

2.2.4 Symmetry Considerations

For crystals, such as @luminium o'xide,.exhibiting_ axial symmetry

properties {group C, for AI203) the'general anistropic analysis given

3

above can be simpltfied (Barron et al (1980)). Here we may defi-=

two principal ceoefficients of expansion, given algebraically by:-
ey s &az(2lno /3T

Ly =Ky (3 I .C/é-r)? (2.40)
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‘ «

Where a and ¢ dénote lengths perpendicular and parallel, respe@tively.

-to the main crystal axis. The principal Gruneisen functions are:-

KL:hQééﬁﬁglg1'; V{C%FfCas)dL+¢g %q}
Ci —
(2.41)

. —_ T, 5
O35/ Vada, T = V29 *L”’s's“//_}(
: e

!

Here the factor } arises because 'a' determines two of the crystal
dimensicens. These equations are rearranged to give the principal

coefficients of -expansion in terms of the principal Gruneisen functions.

FC95 0 53) Yur SE G L Co
£245 %0 +5%, 31ce

: .V, |

The compliances are related to the stiffnessCl}; by

oy i
(2.42)

1]

go+S, = Guld Sa3= (Gu « Ga)/0 7

S.; = -(;lslb | b—_ (-Cf" rd,z)ds.s__ 2d‘§S (2-43)

The volume. coefficient of expansion is then given by the trace SF the

expansion tensor.

5- 2 ¥4y = (QZEZ{‘LT/)L; e (2.4b)

s 5 .
Where %] and)af are the principal linear adiabatic compressibilities.

The Gruneisen parameter, § , for volume expansion is a linear

“combination ofkﬁi and K}ﬁ wieghted by the respective linear comp-

ressibilities.

5 s ‘
¥ = (224 X+ Xy )/ Ks (2.45)

. For a random direction x making an angle . with the c-axis, the

resolved value A, of the thermal expansion in this direction is then:-

°<ac - E?étx°13 x« TR
: ' (2.46)

L= cfi,Sdnqwf +°(” Cc§1'?



2.2.5 Parahagnetic lons

it has beén demonstrated before that the measured Gruneisen parameter
}( is a weighted average of the components 5@ due to the m contri-

buting subsystems. TFor an isotropic material this was shown to be:-

S Cu/%ca | (2.20)

Where Cm .is the contribution to the specific heat of the #™ subsystem.

The separate 5}4have been shown to be expressed by:-

Where Sm is the cont:ibution to the entropy due to the 2™ contri-

buting subsystem.

In order to calculate ;hé contribution to the thermal expansion of
a host lattice due to a baramagnetic impurfty ion, we firstly con-
sider the Schottky contribution to the specific heat due to such ions.
The Schottky contribution to the specific heat resulting from thermal
excitation of a series of energy levels E,, E .. E, with degen-

1’ n
f

eracies f fn is given by (Griffith 1961, egn 2. 16)

0’ ], -4 n
Cs . (CEry -CEY?)
KT e

(2.h7)

Where the brackets(i t} denote thermal averages of the form:-

<:3Cg> iL’ fo ¢ exp ¢ étfh-"l')

E} fo oexp (-ec/rT)

(2.48)

g':.i )
The Schottky contribution to the volumetric expansion coefficient,

is similarly expressed (Barrgh (1980)) by:

Bs T £<E‘~z Bi) - <°\><c“ \6»} (2.49)

VRTz

Where Skdthe contribution to the Gruneisen parameter due to the Ut

‘energy lgvel,:is'given by (Sheard (1969)):-

XC .- C Mﬂ EC/_b ln V)T | '(2‘50)‘

Expressions 2.47 and 2.49 may hence be combined resulting in an
expression for the Gruneisen parameter for the thermally excited

energy levels of:
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.\65 z Ei_\_f__ . .'{QE"'Z ¥y -<ey LEixi7 b (2.51)
KirCs JEt> - (2 2Y

The above analysis assumes that the contributions to thermal expansion

due to the presence of paramagnetic ions are purely isotropic. A
ricorous analysis of the phenomena should include allowance for
anisotropic contributions from these ions. The Gruneisen parameter

defined in equation (2-50) should hence be in general used to give,

~in tensor form:

Kc.,x:”.(?"“\a/bl“ 'lx)'q‘j'T .- (2.52)

Where,ﬁh,)is expressed in the Voigt notation. The volume Gruneisen
parameter for the thermally excited level group must also be generalised
to: '
3 VRN —, .
}5/ ’2 L(z:-ﬁ&,ﬂ'“ {E>L L X;_J?ﬂ
$ Y ~£<E€z>f‘ {eedt :

(2.53)

For .axial crystals, such as Al . exbressions (2.52) and (2.53) may

203
be simplified to produce two independent Gruneisen parameters per

level as in expression {2.40):
¥ = 6 TR E ), T
Sio > Xa = T OBInES ) T

(2.54)

Where | a'and7l; are macroscopic strain parameters in the crystallographic

‘a' and 'c' directions as defined in section 2.2.4. Values ford} and,
are calculable from expressions (2.42) and the value ofCﬂ_in any direc-

tion is calculable from expression (2.46).

We will now-continue to estimate the value of 3; for paramagnetic fons.
We will firstly consider a static crystal field model (in the absence
of a Jahn-Teller effect) and then continue to consider the modifications

necessary in the presence of a dynamic Jahn-Teller effect.

2f3 THE CALCULATION OF KgIN VARIQUS CRYSTAL ENVIRONMENTS

2.3.1 Static Crystal Field Model




I f we consider a static crystal field model specific values of ¥ ,
the Gruneisen parameter corresponding to the v Jevel, may be deduced.
If, for example, we consider iron group transition metal ions in a

tetrahedral environment {(Sheard (1972)).

A schematic diagram of the energy ]evel'system for a typical ion
(Crz*, 3dh, SD) in a tetrahedral crystal field ie given in fiqure 2.1.
A tetrahedral crystal field splits the%l)free ion term Into a lower
orbital triplet (transposing as T,) and an upper doublet (transposing
as E) having an energy separation ﬁkf*|0“c44”) . |f the orbital
angular momentum. is not quenched {(only for T1 and T2 irreducible
representations) there are splittings due to spin-orbit coupling in
first order perturbation theory of magnitude A (¥10%<"). When the lowest
level is then more than four-fold degenerate it will be further eplit
in 2nd order perturbation theory giving.small splittings (~ é;'z D' ‘)
of ~l to©e 0n the point charge model (Hutchings (1964)) the
crystal field s.plittingﬁ'ﬂ?"-ﬂ’fs where, a, is the distance between the
magnetic ion and its neighbours. Since Va3 |, and £;¥Ef,.and since the
spin orbit coupling parameter is assumed volume independent (eg Earron kel
{1980)) we have that:

Ys = (1) (%_‘13_?_ ~ T (2.55)
For a 2d" ion in a trigonally distorted octahedral environment (such

as A|203, C., symmetry) the 5b free ion term is split into a lower doublet"

3
and upper triplet {Bates & Dixon (1969)) with a cubic splitting(A) of
AR em™! | The trigonal distortion splits the upper triplet into

a doublet £ and singlet A, while the lower doublet remains a doublet

also'transforming as E.

The orbital angular momentum of the lowest E level is quenched and there
can only be eplittings arising from 2nd order spin-orbit perturbetion
theory resulting in five levels with mutual separations an%;' . As
before we should expect these levels to exhibit_negatiee-Gruneisen

-

parameters of 68""?3'.

In general‘we may conclude that in the absence of a Jahn-Teller effect,
and when the low lying energy level structure arises from spin-orbit
coupling in 2nd order, that the low lying splittings should demonstrate

a negative Gruneisen parameterﬂgmf“§3 (Sheard (1969))% So we should
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Fig 2.1 7 Energy Levels in Cubic
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expect, provided the ion concentration is sufficient so that Cs P S
(C. and Y. are the specific heat and Gruneisen parameters .associated
with the lattice), that we should observe a negative expansion anomaly

in the region of the Schottky specific heat peak.

2.3.2 Jahn-Teller Model

In the presence of a Jahn-Teller effect thé problem is more comple*.
Sheard (1972), assuming a-élusterMOdel, has discussed the Gruneisen
parameters associated with orbital doublet and triplet states in Jahn-
Teller ions and his conclusions are summarized below. The calculation

of Ham factors in multfmode Jahn-Teller systems is complex (Evangelou

et al {1980)) and the discussion here will be limited to the cluster

model approach of Sheard. Although this approach is not strictly Qalid
(Bates (1978), Bates and Wardlow (1980), Abou Ghantous and Bates (1978))it
it expected to yield information concerning order and polarity of the

respective Gruneisen parameters.

2.3.3 Triplet Orbital States

The energy level pattern-resulting from spin-orbit coupling in the finst order

~

s formally'the same-as in the absence of a Jahn-Teller effect but tﬁe

magnituhe N\ of the _ splitting is multiplied by a reduction factor
K (Ham (1965)). For the lowest states, corresponding to zero point

lattice vibrations, the Ham reduction factor is given by:

K= exp(-3Er7/2% w) . - (2.56)
Where E3T  is the Jahn-Teller energy and w is an average vibrational
frequency for the neighbouring atoms. The Gruneisen parameter associated

with the first order splittings (ES*VK )\), assuming A in.dépendent of

volume, is given by:

Ys- - (3lnk/d1nv) =(Sb’._~z,vi\,)(sejl,-/21‘,u)' ”
- P (2.57)
Where it has been assumed that the orbit lattice coupling parameter

{(Ham (1971)) is proportional to ™" -, Here ¥ is the lattice Gruneisen

parameter. The value of ¥s may be estimated by assuming that ¥_"1-2



(Yates et al (1972)) and n:-4 (point‘charge ca!culation)'giving
\6«5: 09 (SEIT/’ZHU\J) . | o (2.58)

For interstitial 3d6 ions in silicon, using data obtained from EPR
spectra avalueof (3517/27ivd>"/ 2.5 has been estimated producing
a value for \(5 of ¥s™~2-3 |

When the Jahn-Teller energy is large the first order spin-orb#t splittings
~s KL are very small. Second order spin-orbit splittings due to
coupling to the higher vibronic levels then become important. The

general formulae for theée, derived by Ham (1965),‘are complex but
simplify in the limit of very strong Jahn-Teller interactions and Sheard

(]972) has estimated the Gruneisen parameter for this case to be:-

¥s =2 (x-2) | | (2.59)

2.3.4 Tunnelling Splitting Model

For ions with E type orbitals in an octahedral environment (such as Cflf)
the orbit-lattice interaction is expected to be very strong (Fletcher -and |
Stevens (1969)). The coupl1ng of the electronic states to the vubratlons
- of the neighbouring atoms, the dynamic Jahn-Teller ‘effect, has been - '
calculated in some detail in this case (Fletcher and Stevens (1969)).

The potential energy of the ion and its neighbours may be reduced by a
tetragonal distortion in either of three equivalent directions. Owing
to-the anharmonicity of the lattice, distortions in other directions

lower the energyvless, so that the equivalent tetragonal distortions

are separated by energy barriers. Tunnelling between the three differ-
ent modes of distortion occurs and the resulting lattice disturbance

is dynamic.. The iowestreigen states are separated by a tunnelling
splitting.barrier. Owing to this exponentfal dependence we may anticipate

that the splitting may change rapidly with variations in crystal volume.

Sheard (1971) has estimated the value of K% associdted with the tunnelling

splitting&. An approximate form of d is (Fletcher and Stevens (1969)):
) )

S BREe™ whee W™ Trz CM) (2.60)

Where Ro is the average displacement of a neighbouring ion of mass Mo



arising from the Jahn-Teller effect and B is the anharmonic force
constant, so that BRO3 corresponds to the anharmonic potential barrier.
Sipce Ro occurs to a high power in the exponential its variation with
volume is important. The magnitude of R0 is determined by the balance

between the orbit-lattice coupling energyE:Ro and the lattice elastic

2. 2 . .
enerqgy %MOWD Ro , and is given by Roﬂ'g/Houubﬂ. On the point

-6
charge model the dominant term in the coupling constant £o{& hence:

in Re '2.(2{‘-_'\\
R

This shows that R0 tends to increase as the lattice expands owing to

(2.61)

the weakening of elastic restoring forces. The variation of W with

volume is dominated by the variation of Ro:

AW | my e s BlaRe o5 ° dece o' e (DB
2lav - !2' \6; "'— 2, -\o—l:-:"'\r > ) b-v\'\(-..‘ 2. 2{\. ‘ ( /a \n |
So we have:

~(Da§ Yz ¥ — 32AnRe &
\65 3 (———-——3[{\\/) (% \o\n\f
wWyIAW , Sw-S2
Yinv ™~
Fletcher and Stevens (1969) chose parameters such that Wa7 to it

-T'

(2.62)

.géoustic resonance data. This gives rise to a'vaIueKB:S RQ , the

large positive value of g arising primarily from the dependence
SR 1 .

of RO on'Wp and the uncertainty inherent in § does not quali-—

&
tatively alter this.

In addition to the tunnelling splitting the energies of the lTowest

states depend élso on the second order spin orbit'parameter)372x and
for Cr *F iq Mgl there are also splittings due to random lattice strains.
However, these latter terms are relatively insensitive to crystal

volume changes compared with the tunnelling splitting.

Thus for low-lying E type states in octahedral environments, theory
based upon a tunnelling splitting model predicts large positive values
of the Gruneisen parameter. This contrasts strongly with the small
negatiave value (BS='ﬂ% ) to be expected in the absence of Jahn-Teller

effects.
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3.1 [INTRODUCTION

Before giving a detailed description.of the dilatometer system used, a
review of the variousldilatometerlsystems would serve to place the
technique in context with other measurements of low temperature thermal’
expansion. It is firstly necessary though, to outline the resolution
required to provide sufficiently sensitive measureﬁent of thermal

expansion in the temperature range considered.

.The linear éxpansion coefficient { is usually measured by determination

of the length change, Al which occurs when the temperature is varied

by some finite value &T . At ambient temperatures o ~s i€ SO .
that with aa7~Ika length reso'lution'é"—:-

determine X" to say 1%. At low temperatures however, X . may be

6”0-7 would be sufficient to

very much smaller and soKrequire a very much more sensitive‘dilatometric
technique to obtain a comparable accuracy. For example, at temberatures
T~ §§%§ "~ {where b .is the Debye .temperature), the linear coefficient
A ~ic2K » 50 that to obtain a 1% accuracy in & ~ with a 50 mm sample
would reqﬁiré a length resolution & ~ Spm (fPM'- 107120 ='-"°Q/::\).

A problem then arises in that detection levels of 10 pm or less are ;
véry much smaller than the average interatomic spacing and very much = 8
smaller than the scale of surface roughness after even the best lappihg
and polishing techniques. This requires that we interpret the measured
changes, &i ,-as being the surface average of themicroscopic changes, €
over the surfaces being measured. A further result of this dilemma is
that we could expect some hysteresis in length on thermal cycling when
the measurement depends on the mechanical linkage between surfaces of
dissimilar materials. This should not be overlooked in assessing some
methods of dilatometry which may appear to have a detection limit of

a picometer but depend on mechanical linkages between surfaces of dis-
similar materials. Dilatometers have been reviewed in some detail by
Mezzetti (1964), Yates (1972 pp 52-63) and Barron et al (1980) and are.

summarised below.

3.2 REVIEW OF DILATOMETERS

3.2.1 X-Ray Diffraction

These measure changes in the lattice parameter, a. These usually have
" a resolution of 2., 10°% , although a resolution of 82~ $x10™° has
been achieved using.oscillating back-ref]ection‘technfques_(Batche]der
and Simmons (1965), Schuele and Smith (1964), Bond (1960)). This
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3.2.4 Electrical inductance

resolution is not sensitive enough for the determlnatlon of & at

temperatures 1< O» fjn

3.2.2 Optical Interferometers.

"Various designs have been used, principally the Fizeau interferometer

and the Fabry Perot multiple beam systems. In the Fizeau interferometer
the sample is usually in the form of a hollow cylinder (or three rods

of equal lengths) placed s0 as to.vary the separation of two etalon
plates as the specimens expand or contract. The practical detection
limit is normally about 1072 to 1073 fringes or é:"—“" (07 o 107F
Bet;er'precision is obtained (EELA"OAT) in the Fabry-Perot
interferdmeter by using a stabilised laser (cf Jacobs et al (1970)),
precision being limited by laser suitability or by deformation produced when
the end p]ates of the cylindrical‘cell are not matched in expansidn

coefficient to the cylinder {or sample).

A more sensitive system which, at present, has only been used above

room temperature (up to 1200K) is the pelarising interferometer = -
(Roberts (1975)). In this device a hollow cylindrical sample is optically
centacted to a flat disc of the same material, interference occuréi'
between elements of a spllt beam reflected from the dnsc and the shOulders
of the other end of the sample. Deviations of’*'b‘z'ﬁ' Mm% have

been found but these arise chiefly from thermometry errors (Roberts (1978)).

3.2.3 Optical Amplifiers

_ ' 1o
These have been reviewed by Jones {1961) and boast a sensitivity of 10

radians angular displacement or <: 1 pm linear displacement. Principlds

, yafy between optical grid-amplifiers (eg Andres (1961 and 1964)) and

optical levers (eg'Shapiro et al (1964) and Pariera et al (1970)) but
in general suffer from drift and hysteresis on thermal cycling due to

mechanical linkages eoupling the sample to either the grid or lever.

-

The principle of operation of these devices are usually variations on the
axial expansion of a sample being transmitted to the inner coil of a
mutual inductance whosseinductance varies linearly with displacement.
Devices have been constructed (Carr and Swenson (196&), Sparks and

Swenson (1967)) which have a sensitivity ofas 2 pm, but the more sensitive
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inductance devices suffer from ‘'magnetic problems“ {(White and Collins

(1972)) .

3.2.5 Electrical Capacitance

These devices normally operate by the changing area or separation of a
parallel plate capacitor. Two systems have been developed on this theme,
firstly the two terminal capacitance and secondly the three terminal

capacitance.

The two terminal capacitance transducer uses a LC resonance circuit and
utilises the change in resonant frequency to detect the change in-capaﬂ
citance (eg Bijf and Pullen (1955), Dheer and Surange (1958}). A
disadvantage of these is that the lead capacitance is included in the

: -%
measured capacitance and this has limited their sensitivities to f%}ﬂd o™

‘I't has been found, however, that by using tunnel diode oscillators, the

entire LC circuit can be localised at low temperatures in the cryostat

(eg Tolkachev et al-(1975)) improving resolution to AL~ 20 P

By far the most popular system used recently to measure thermal éxpansion
at low temperatures, and the dilatometers used in these measurements, is-
the three terminal capacitance system. These are based upon a téchno]dgy
developed largely by Thompson (1958) and utilise transfofmer-rét}d“
bridges for the measurement of capacitance; Among the major‘édvéﬁtgggS”'" '
of the three-terminal system is that the balance condition'is not o
affected by lead cabacitance, and that bridges are now commefcia]]y
available that, using lock-in amplifier detection, have sensitivitiés
Iess than’OJ?PF' corresbonding-to a length sensitivity in'the picometer

range (eg White and Collins (1972), Kroegar and Swenson (1977)). The

"three terminal capacitance system, since it is the system used in this

study, will now be considered at length.

- 3.3 THE THREE TERMINAL CAPACITANCE DJ[LATOMETER

In figure 3.1 we have a schematic diagram and equivalent circuit for a
three terminal capacitor. The shield electrode surrounds both the other
two conductors and in - practice forms the local earth shield. The
diréct caﬁacitance,Cug. is then the only capacitance that is definéd,

that is, which does not involve the ‘lead capacitances Cug and Cug

" Two three terminal capacitors may now be connected across a transformer

ratio bridge, as in figure 3.2, so that the grquhd capacitances Cue, and

Ceg only shunt the ratio arms and the detector D. The small capa-



citorstag and Cag across the_detectof only reduce the'sensitivify, and
shunting the closely coupled ratio arms, which have a very small effect-

ive impedance, has a negligible effect on the balance condition.

C AL - V6

(3.1)
Crut va

So that only the direct capacitancesCawe and’ ., have any effect
on the bridge balance condition. This argu:ment is, of course, very
simple and the construction and operation of transformer ratio bridges

will be considered in more detail Jater.

No physical capacitor is, however, ideal {ie free from inductance and
dissipation); So also, the equivalent networks that are used to represent
a non-ideal capacitor, do so imperfectly. They are, however, satis-
factory if some of the constants are understood to be quasi constants
(they must vary somewhat with frequency etc). 'Figure 3.3(a) represents
the non=ideal direct capacitance (Cu. of figure 3.1) with five lumped

constants, where:

=
1

= Metallic resistance in the leads and plates.

L = Series inductance of the leads and plates.

C, = Capacitance between the plates.
C.= Capacitance of the supporting structure.
G = Dielectric losses in the dielectric between the capacitor -.

plates and the dc leakage conductance.

For most purposes C_. and Ck are added as C (NB C, is zero if support-

structure capacitanle is entirely within Cag andbor Cuwy of figure 3.1).
The vector diagram figure 3.3(b) shows how the capacitive and inductive
current components addto give It , and how the capacitive inductive

and resistive voltage components add to give Vr . |r leads Vv by the

phase'anglefy, between 0° and 900,.8 is the dielectric loss angle.

Figure 3.3(c) is the equivalent circuit based on the two components of

* the capacitance measured directly by the general ratio GR1515-A and

GR1616 bridges used In these measurements. Terminal properties (VhlIg,C?)
are identical with figures 3. 3(a) and 3.3(b) and vector dlagram figure
3. 3(d) represents the vector relationships. The algebraic re]ataonshtps

between these components and those of figure 3.3(a) are given below.

Ce = e (-wre) - G AL
(1-w® e RA)HHWGLFWRI® (g o)




G- GLARGY 4 PREY -
qp ttC+Rq)+(oaL+wRC) |

There is a resonance at a frequency fo but at the frequencies used

we observe that (;F'L£:<3< i so we may simplify the above relationships

c-GoL
(148G

- G
G; (1+R&)

. -\-2. ’
In practice the values of Gx measured are very small (10 ’mho) and

to:

1}

Cx

(3.4)

any changes in L can be minimised by rigidly coupling the leads to
structural members of thecryostat. R is also small (Cl. 5513 S0 we
may assume C::C . The assumption that -P<<'P is justified in that.

no significant change in (:a: occurs . when the frequency is varied between

\ K\\z_ and (O k\'\

We now consider the structure of three-terminal capacitance dilatometers
that have been used at !oﬁ temperathres..Figure 3.4, which is taken from
Kroeger and Swenson (1977) and White (1961), represents -a few of the elec-
trode sample configurations that have been used. The ’'normal' type

(White (1961)) compares the expansion of a sample with those of a
reference cell whose expansion coefficient is well knowp'(eg copper,eﬁ
White (1961), silicon cf. Villar et al (1980)). This is most useful

when the samples.and reference materials have expansivities which are

of similar order. The 'inverted'geometry (Tilford and Swenson (1972),
Schouten and Swenson (1974)) is also of the relative expansion type and

has been used upon samples with large expansiens. In the third config-
uration, the 'absolute! configuration, the cell is maintained at a

constant termperature while the temperature of the sample is raised by
electrical heating. In this conflguratlon the sample is isolated from the
cell by means of insulating spacers and the specimen expansion measured

by means of two capacitance measurements at the top and bottom of the
sample. In each case the sensitivity of the devicer is inversely pro-
portiodel to the square-of the plate separation, and as some contraction
of the gap occurs.on cooling due to differential expansion, the sensitivity
of the device at room temperature is much less than that at Tow temp-

eratures. In all these configurations the'capacitors were of the Kelvin



guard ring type and analytic expressions for the capacitance of such

capacitors will now be considered.

3.4 CAPACITANCE AND LINEARITY OF KELVIN GUARD-RING CAPACITANCE
TRANSDUCERS

A Kelvin guard-ring capacitor consists of an extensive flat electrode
separated by some small distance from a smaller circular electrode
whicﬁ is surrounded by a coplanar exteﬁsive fiat electrode called the
guard-ring electrode. Figure 3.5 is a cross section through such a
capacitor, the capacitance between electrodes (1) and (2) is, in the

hotation of Heerens and Vermeulen (1975), given by:

o = ﬂ‘éoir (R‘ F S )l _é:_&_e_t_ :
 de Ao : (3.5)
1f 5<&CAO  gpd deo LCR-?;Q"- 2o . Here fo is the 'ideal!

‘ Co . . 1 -
capacitance, €. is the permittivity of free space (= B 38420 )

€ is the relative permittivity of the dielectric.

.A correction to equation 3.5 for the effect of the width of the gap, s,
between electrodes {2) and (3) is given by Moon and Spark (1948) as:

. _ . |
-« Cel 1 -2 CoHa TF—L o

But from figure 3.4 we have seen that the geometry of most practical
dilatometers is that of a Kelvin guafd ring capacitor with. modified

edge geometry as in figure (3.6). A correcéion for the electrodes

being of finite dimension is given by a solution of the Laplace equation
for this geometry. Heerens and Vermeulen (1975) hévelgiven a solution

“to this problem and this is in their notation:

&y T (N8 D
C. Cﬂ:(l - q' 2; NTe (n R, )

@ ) (3.7)
Where Ry = . %‘ » TTRo.
do do

The Lie(=) are modified Bessel functions of the first kind of orderR.
1f we assume tha;eo>?a:>>dc=this expression may be reduced to:

C= Co[:!‘ (E°>)1<,:cp (-oe )j

(3.8)



Where x!'= T (&'ij/dc

So we have a éet of expressions which_describe‘the disturbing influences
| upon the simple capacitance_exﬁression:(3.5), Firstly to account for
the width of the gap, ®(equ 3-) ) Sécond]y to account for the none
infinite dimension of the coplanar electrodes and finally to account for
- the guard ring completely énciosiné the high potential electrode (1)
(eqns 3.7 and 3.8). A combinatidn_of the three expressions should thén

serve to describe the . behaviour of our capacitors and this, in the

shortened notation is: ‘ o0 2: N
. ’ . ; (-1 T (n k.
. - t %2 C_~l“h(ﬁ_‘ ) rL_*'__ (
C: Trabé-fgkz E/l o S L] E\ i = \,"
T do Zreide & WIS CY )

Whlch for most C|rcumstances at small separatlons may be simplified to:

o mag st (12 ]

clo — 2T RJCde

‘This relatibnship‘(3.9), is. however, cumbersome to vse and it has been
found that, for electrode separations ofsgd25CM# | an  expression derived

by Maxwell (1904) and quoted by White (1961) is duite suitable.

: rS fiasN(iro2as)
C__vracd,-ff,‘?_-i (! ;T (i5)( -Oi‘? ) > (3.10)

Both expfessions (3.9) and (3.10) do, however, assume a narrow, deeb*lm
gap without a dielectric filling it. One finds that a majority of
practical dilatometer systems use an epoxy , such as Stycast 2850FT, as a
filler to improve mechanical stabiljty.. This has the effect of
increasing the capacitance of the slit. Brown and Bulleid {1978) have
suggested a semi empirical first order correction to equation (3.10)

to account for this difference by |ncludtng the relative permittivity

E' of the epoxy filler.

225 \!
¢ -Telraze (175 (15 (VEEEY )

(3.11)

We now proceed to study the effect upon the linearify of these capacitance
transducers of -surface damage on the electrodes and of having a slight

tilt on one electrode relative to the other.

We will first. consider the effect of surface damage on the electrode
surfaces. Brown and Bulleid (1978) used a Michelson interferometer to
investigate the effect upon capacitance transducers of surface damage and

tilt., A summafy of their surface damage results is given in figure (3.7)



This figure shows the variation of the point to point gradient of recip-
‘rocal capacitance Q%Eib(%5\) wi th separatipn (do) for a Kelvin guard
ring capacitor with polished electrodes  and with shot-hblasted electrodes
{the surface roughness on the shot blasted electrodes being estimated |
att 12um). From this we may conclu&e that for plate separatioﬁs,

do D iotum , the effect of some degree of surface damage is not  imp-

ortant.

Khan et al{1980) extended the work of Brown and Bulleid (1978) to include
the detailed effect of tilt on the linearity of capacitance transducers.
Their fesults may be summarized in figure 3.8. In this figure there is
plotted the point to point. gradient of reciprocal capaciténce as a function
of separation for guérd ring capacitors with‘Qarious degrees Qf residual
tilt. We may observe immediately that residual tilt has a pronounced
" effect upon the linearity of these transducers when the :électrode separation
is less than 1500 m (considering electrodes 25mm in diameter) with only

Si' of Eesidual tilt producing a 10% error in linearity at 120 4 m
plate separatfon and 20% error at 100p m.

.Also plotted in figure 3.8, for comparison are the gradients predicted

using the.two "Maxwellian'' relations 3.10 and 3.11. It can be-seen that
both these relations exhibit sufficiently good agreement in the ééparétign :
range 150 - 300}am, to describe the behaQiour of the .guard ring éépacitorsi
For the results reported here, equation 3.10 was used to calculate the

electrode separation.

So we may conclude that, for the capacitance transducers to be linear
and be described by a simple expression such as 3.10, a number of criteria

must first be met.

(i) .The sensitivity of the transducer is inversely proportional to
the square of the electrode separation so that for'high sensitivity

the electrode separation must be as small as possible.

{ii) To minimise the effects of surface damage and tilt the electrode
 separation (assuming 9rrelectrode radius) should not be smaller

than 200}1m.

(i1i) The diameter, and hence the area of the inner electrode should be
as large as possible to enable sufficient accuracy to be obtained

us}ng a bridge method of capacitance measurement.



{iv) The diameter of the extensive electrode (1 in figures 3.5 and
3.6) should be large so that?f(ﬁc;nﬁi)’Jm {eqn 3.9) is large.

(v} The gap, s, betweén the inner electrode and guard ring should
be small so that a simple expression such as eqn 3.10 adequately'

describes the behaviour of the capacitance.

{vi) The minimum gap, s, between the inner electrode and ghard ring
is limited. Decreasing this gap would increase the capacitance
between the inner 'low' electrode and earth (guard ring) effect-

ively shunting the bridge detector and decreasing sensitivity.

A solution that has been found to be both linear and sufficiently sensitive

is as follows:

" Radius of inner electrode A 9 mm

Radius of extensive electrode 2 13 mm

Width of gap, S : > 0.05 mm-
Separation of electrodes A% 250 - 350 pam

3.5 CONSTRUCTION DETAILS OF THE CAPACITANCE CELLS USED

In these measurements two types of capacitance dilatometer were utilised

using two different 'reference' materials. These are detailed below.

"HCOF Copper Cell', Type 1

This cell utilised high-conductivity oxygen-free (HCOF) copper as a
reference material. Two similar cells (hereafter calied Mark'l and Mark 1)
were constructed, both of the 'normal' configuration outlined earlier
(figure 3.4 (a)). Simplified sections through these are given in figures
3.9 and 3.10. ' |

The Mark | cell (f[gure 3.9) consists of a precision machined HCOF copper

annular cell (4) which has bolted onto it two HCOF copper plates (3 and 5).

One of these (3) forms the guard riﬁg of a'Kelvin guard-ring capacitator}
Set into and coplarar with this guard ring is the low potential capacitance

electrode (2), the gap between this electrode and the guard ring being

filled by Stycast 2850 FT {ith catalyst 24 LV} epoxy resin. All of

these copper components being Qacuum annealed before final machining

then hand lapped and polished to give optically flatrsurfaces. The

sample (9) was supported in a HCOF copper support {5). A similar struc-



ture at its other end forming the high potential capaéitange electrode
(1). Mechanical contact between the sample support (6) and the base
plate of the assembly (5) being made by a thin layer of varnish. This
produces a mechanically stable configuaration while producing a lower
thermal resistance between sample and cell. The c¢ell in total was
suspended by brass screws from a brass .support plate (7) which also
formed part of the electrical shielding for the low potential electrode.
Electrical contact to the capacitor plates being via O.AmmrPTFE coated
multi-stranded copper wire. The high and low pOtential leads being

~ separately shieldéd by flexible copper Eraid. The temperaturc of the
assembly was measured by a type CR100 'cryocal' germanium resi$tor.
Facilites for temperature control being provided by a 100 S carbon
resistor. Several techniques of samplé support wére studfed and these

will be outlined later.

Althdugh figure 379 describes the samples as'being.SOmm long, experiments
have been performed in the Mark 1 cell upon samples 50mm, 100mm and 120mm
long, The performance of this cell was, in general, satisfactory, but
for highest pfecision it was found that modifications were necessary.

The problems that arose in using the Mark | cell fall into three main-

. classes.
(1) The copper braid, and electrical shieldfng in general, was fdund
to be insufficient. -
(i) The varnish layer between sample holder and base plate was fpund

to be unrelijabtle.

(iii) Vibration arising from the rigid coupling between the copper and

brass support plates.,

. These problems were rectified to a large extent in the Mark |1l cell,
Figure 3.10 describes a section through the_Mark 1t HCOF copper dila-
tometer. The electrode configuration for the Mark | and Il cells is

very similar, the'major modifications being as follows:

(i) The electrical noise problem found the the Mark | cell was cured
by replacing the flexible braid screening by a solid stainless
steel tubular shield. This shield was manufactured from §'" nom-
inal diameter stainless steel tubing, the high potential elec-

trode shield passing right through the copper annular cell,



(i1) A solution to the stress problem, érisihg from di fferential
expansion of the copper and brass plates, was found by sus-
pending the dilatometer from the brass 5upport-5late {(4) by a
system.of spring-loaded screws (6). This technique also improved
the vibrationa! stability to a large extent by act}ng as a low

. pass filter attenuating acoustic vibrations but being neffect-
ive against the subsonic frequencfes ( (:\()t*z) which comprised
the major part of the vibration problem. The subscnic vibration
problem was finally solved by rigidly mounting the cryostat
upon a:heavy_éoncrete block (1} tons), the concrete block itself
being mounted on a vibration free area. Seismic vibration.caused
by local quarrying activities and nearby motorway and rail ser-
vices were countered by averaging the détector signal over some

30-100s fime constant.

(iii) Instability and unreliability of the varnish contact between
sample holder and base plate was simply cured by a rigid screw
mounting. This however, led to thermal contact problems and it
was found necessary to improve the thermal contact between
sample and cell by wrapping. several turns of 18swg copper wire
around the sample and then fixing this in place with a glass

loaded epoxy resin. (Stycast).

In both the Mark 1 and Mark 1l cells, corrections are made for the radial
expansion of the low potential electrode and axial expansion of the
annular cell by usihg the expansion data for HCOF copper of Kroegar and
Swenson (1977). Being expressed as apower series polynomial expansion

in temperature, this data is immediately applicable to analysis using

a digital computer. A summary of Kroegar and Swenson's results for

~ copper is given in tablé 3.1.

In all experiments performed with these cells, a large amount of effort

was expended in ensuring that the electrodes were as close to parallel

as possible. For this purpose a flat metal disc, hand lapped flat and

with parallel faces, was used. This was pla@ed on_top of the high

~ potential electrode and the Capacitance’céil assembled, the presence

of the disc producing a gap of 0.3mm between the top of the copper
annulus and the guard ring plate. Feeler gdpges could then be used and
assembly screws adjusted to produce a parallel gap between these surfaces.
A very‘smal] quantity of varnish was then appliied to the sample side and

the procedure repeated and left to stand for some hours to allow the

varnish to set.



TEMPERATURE RANGE  COEFFICIENT OF TERMS OF POWER
 SERIES x(T:= 2 AaTn

A, 2.53507 x 1010
, Ay 2.66846 x 107"
2¢T<28 K A . 3i56435 x 107 1°
Aq © 5.53091 x 1077
A, -8.23846 x 10720
A 3.62967 x 10723
. -7
A 5.40693 x 10
A 1.17048 x 1677
- -9
28 L TLS0 K _ - A 3””“x‘ﬂm
© Ay 3,.98470 x 10
Al -5.79623 x 10712
Ag 2.9727h x 10” 'Y
A. 6.95076 x 10
‘ - -7
50K T 100 K A, - -6.38706 x 10-8
A, 2.18457 x 10
Ay -2.82703 x 10710
A« 1.74267 x 10”12
Ag -4.2578% x 1077
: : Ao -1.12857 x 1072
' -7
oo TL 325 K A 4.13254 x 10_
Ay -2.80267 x 10 2
A3 1.03271 x 1071
A, -1.97422 x T
Ag- 1.53667 x 10~ V7
TABLE 3.1 . Thermal expansion of HCOF copper as a power series

-

“expansion _in temperature (from Kroeger and Swenson (1977))



It has been found that good agreement between data for various samples
can be achieved using this technique providing sufficient care and
patience is taken when the samples are mounted.

"AI,0." Cell, Type 2

3

This cell was designed‘primarily for the measurement of doped AI203
samples. The cell utilises three cylinders of 'pure' AI203 (supplied
by Rubis synthetique des Alpes } as a reference material and is shown

in figure 3.11.

In this cell the length of the doped Al sample (6) is compared with

0
. 273 .
that of three "“pure" AI203 samples (5). The guard ring electrode (k)
and base plate (8) are again both manufactured from stress relieved
HCOF copper as is the sample support (10). - To assist in supporting the

pure Al samples and to improve electrical shielding we have a HCOF

0
23
copper cylinder (7}. This cylinder is precision machined lapped and polished.
after being stress relieved to give a gap of .ZSiI.OUSmm between the end -

of the cylinder and the end.of the pure Al reference samples. This

0
gap allows the capacitance electrodes to«bz get accurately parallel.
This adjustment is aéhieQed by assembling the cell without pure reference
samples and adjusting the sample via the HCOF copper screw (a). so that
the high and low capacitance electrodes are in contact. Applicéfiqn ‘
of a small quéntity of varnish serves to hold the electrodes in tﬂfs R
position when the reference samples are replaced. The pure samples
themselves are all spark machined 50.301’.01mm‘1phg. The guard ring

is connected to the copper cylinder via six spring loaded screws (2)
which allow an even pressure to be applied to hold the reference samples
in position, The dilatometer as a Whole is suspended from the brass
support plate (3) via three loosely tightened M3 screws which pass
through 4mm holes in the brass plate and are tightened onto spring
washers (11). Connection between the dilatometer and the cryostat

is via a copper post (1) which also serves as an electrical shield for
the low potential capacitance lead. The high potential capacitance -
lead is égain shielded by 3" stainless steel tube over it's entire
length. Radial expansion of the low potential éapacitance electrode

and axial contributions due to the copper subports and high potenfial
capaéitance electrode. are again corrected usihg the copper expansion
data of Kroeger and Swenson. The cell was calibrated by performing

a measurement upon a fourth pure Al 0_ sample, from the same boule

273

as the three reference samples,
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Simplified Schematic Diagram.

Fig 3.2
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Fig 3i13
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Elementary Capacitance
Measuring Bridge
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Fig 3.14 Elementary Capacitance Bridge
with Transformer Ratio Arms
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3.6 TECHNIQUES OF SAMPLE MOUNTING

In the measﬁrement of low expénsivity samples, a critical aspect
limiting the reliability of the results obtained, is the technique

used for mountiﬁg the samples in the dilatometer cell. The sample
mounting must be reliable and produce consistently‘reproducib]e results.
The mounting technique must rigidly suppbrt the sample while not con-
tributing ény anomolous expansions to the measurements due to any
adhesive used to provide mechanical sfability and good thermal contact.
A diagram of four techniques that have been successfully used in these

measurements is given in figure 3.12.

In figures 3.12(a) and 3.12(b) the samﬁ‘e is Supported‘in a thin walled
copper cyIindef turned on top of a flat plate. To improve thermal link
and improve vibrational stability a thin layer of varnish (diagram (a))
or stycast epoxy (diagrém (b)) was used. In both cases the hole into
which the sample was Idcated, was drilled and reahed to be no more.than
0.2 mm larger than the sample itself and the base of the hole was bored
flat. The gdhesive {(varnish or stycast) was applied sparingly around
the top of the hole-sample interface, great care being taken to avoid

getting any adhesive beneath the sample.

In figqures {c) and (d) a somewﬁat modified system is. described. Hérq

the copper cylinder was split axially and the sample clamped using a

" copper ring clip which has the advantage of making the sample holders

detachable {unlike the more dedicated versions described above).
Initiakly, experiments ‘were attempted without using any form of adhesive
between the sample and copper split ring, while this was found to be
vibrationally satisfactory, problems arising from the poor thermal con-
tact between sample and and copper were found but was improved by using
a small quantity of either varnish or silicon vacuumrgrease. The use

of varnish in this case was found to have the further adVantage of hold-

ing, after suitable adj&stment, the tapacitance electrodes parallel.

The two techniques (Figure 3.12 (a) and (b)) were found to be extensively
laborious in practicef Requiring a new pair of electrode and support |
to be manufactured for each individual sample measured. The detachable
holder (figure 3.12 {d) ) however is now used extensively with the
advantage that only a small number of electrodes are required (for samples
of various diameters and lengths), and hés been found to be both simple,

reliable and consistent when used with various doped and pure AI203 samples.
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3.7 THE TRANSFORMER RATIO BRIDGE AND DETECTOR CIRCUITRY

Measurements of three' terminal capacitances, particularly those of high '
accuracy, are made‘using some form of the basic ratio bridge shown in '

figure 3.13. In this bridge an unknown capacitance, Cx, i5 compared

"with a variable standard capacitance, Cs, by a variable ratio arm, Rﬁ/ﬂen

Such bridges, using resistive ratio arms and calibrated variable cap-
acitors, can be used over a wide range of both capacitance and frequency

but have a directreading accuracy which seldom exceeds 0.1%.

Wher higher resolution is required at audio freqUencieé, a bridge with
inductively coupled or transformer~ratio arms has been found to have
many advantages. Among these.are'that accuracies within a few ppm

are not difficult to obtafn over a wide range of integral values, that

7pF) changes

using medern commercially avallable bridges very small (10~
in capacitance can be detected, and that the transformer ratios are par-
ticularly unaffected by age, temperature, and voltage. The low impedance
of the transformer ratio arm also make it easy to measure directimpedances
and to exclude ground terminal impedances in a three termninal capacitance
measurement,wifhout the use of guard circuitry and aﬂxiliary balances '

(as has been detailed in section 3.3).

A simplie capacitance bridge with transformer ratio arms is shown in_figyre
3.14. On a torroidal core, a primary winding of Np turns serves Bniy tb‘
excite the core, the number of turns determines the load on the geh;
erator but does not influence the bridge network. |If the_flux is confined
to the core, as it is to a high degree in a s?mmetrical]y wound torroidal
trans former, the ratio of the open circuit-voltages‘induced in the two
secondary windings must be exactly equal to the ratioof the number of
turns (}Jsihk») . This ratio-being simply varfed by using a series of
taps along the two secondéries. But, as préVious]y mentioned, for all
practical transformers, the ratio of open circuit voltages is also a
function of the flux leakage but this can be made very small. Since
changes in the core permeability with time and temperature have only a |
small effect upon the voltage ratio, this ratio is both highly accurate
and highly stable. For the bfidge shown fn'figure 3.4 the balance cond- -

ition is shown very simply to be:

C= _vs =Ns

.“1 2)
Cs Vi Noc 3

Two transofrmer ratio bridges were used in these measurements: firstly

a General Radio type GR1615 - A capacitance bridge. This was used in a N
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feasibility_study'(Brown (1978)) and Tn measurements upon Al 0, :Cr

. _ 273"
(Brown and Brown (1981)); secondly a General Radio type GR1616 Pre-

cision Capacitance Bridge aquired to improve stability and accuracy.
Both of these bridges differs slightly‘from that. shown in figure 3.1&
in that severa! fixed fetandard' capacitors are used in combination
with a single decade divider<as shown in figure (3.15). A detailed

circuit of the two bridges g unnecessary and are not given here but

may be found in the Instruction manuals for the respective instruments.

Although the effect of temperature change upon ‘the ratio of open circuit
voltages of the two secondaries has been fopnd,to be emall, we have vet
to consider the effect of temperature upon' the capacitance standards of
the bridge In the bridges. ased the standard capacitors are situated
ina thermally isolated box with a thermal tlme constant of six hours.
The absolute accuracy of the capacutance measurement is quoted (see
instruction manuals) as being less than 10ppm at 1KHz and 23°C with p

a temperature coefficient of 3ppm for every °C difference in temperature
from the 230C of calibration:. The accuracy of any change in capacitance
of 0.1aF being 20% at 23°C. So'it becomes obvious that the precision

of the. capacutance measurement is crltscally dependent upon the amb:ent
temperature at which the brldge is maintained,

_ and that the bridge should have been at this temperature for
some time (24 hours) before a measurement is attempted. In the measure-
ments reported here the bridge and detection electronfce were'isolated
|n5|de a metal cablnet which was maintained at 23 C by.using a temperature.
controller, the peak temperature variation measured over a 24 hour period
being less than + 25 c.

The'sensitivity of the capacitance measurement then reduces to a problem

_of detecting the low levels of in phase and quadraphase signals at the

_bridge sum point corresponding to the two quantities (Cx and Gx) measured

by the bridge and discussed insection 3.3." Figure 3.16.shows a simplified

diagram of the detection electronics used and is=described-in some detail

below.
In figure 3.16, the samp!e‘cel1 is connected to the GR14d6 eapa-
citance bridge via two Iengths of doubly shlelded cab]e it should be

noted that the two screens of thIS cable are conrfected to two enfirely

separateearths'(labeljed E1 ‘and E2) for maximum shielding. The earth’

“connection E2 is via the ordinary 'mains' earth and the earth E1 being

connected to a special 'individual' earth constructed purely for this

purpose. This earth was constructed from a two metre length of per-



forated copper tub%ng.- This tube was buried, with sand, in a 20cm diameter
hole drilled 12ft into bedrock. Good elecfrical connection to ground was
ensured by frequent watering. The ground capacitance between the low
terminal (L) and ground (E1), while not affecting the bridge balance con-
dition, does shunt the detector and hence reduces the sénsttivity of the
measurement. This capacitance should hence be made as small as possible,
the total capacitance (including the input capacitance of the detector -

amplifier) being less than 200pF for maximum sensitivity.

The power ;upply to the bridge, and the reference valtage fo the phase
sensitive detectors, was provided by a 20V rms oscillator providing a

1KHZ sinusoidal signal. This voltage is amplified by a 300W voltage
amplifier to provide the 100V supply required by the bridge. The 20V
signal also provides a reference signal for a phase shifter/phase splitter.
Thé phase shifter is required to offset any phase shift ﬁroduced by the
amplifiers and bridge transformer circuitry. The phase splitter provides
two square wave signals in phase quadrature, one of these being in phase
with the reference signal from the phase shifter. The two square wave
signals provide reference signals for the two phase sensitive detectors

employed.

The ‘detector' output of the bridge {corresponding to the sum point
voltage on the bridge) passes via doubly shielded cable to a low noise
amplifier. This amplifier has a low input capacitance and is impedance
matched to the bridge  'detector' ocutput. fhis amp!ifiér also ha§ a:-f;'
variable Qain faci]ity-(maximum 100 d8) and .provides input to the two
phase detection networks. Each of the phase detecfion netﬁérks consists
of a fil;er and a phase sensitive detector. The filter consists of a gated
amplifier chopped in phase with the reference signal. Each of these
'coherent filters' behdve as narrow band pass (bandwidth 3Hz at 1KHz)
phase selective filter with a fixed gain of 40dB. The output of the fil-
ter passes to a phase sensitive detector. The output stage of the PSD
consists of a Dt voltaée'ahplifier low pasé filter‘configuration with a
maximum time constant of 10 seconds. In one of the PSD channels, an
external capacitance facility has been aquired to extend the maximum

time constant of the'amplifier to 100 seconds. With the additional gain
of the PSD {60dB), the network results in a system producing a high
‘signal to noise ratio {  120dB) with a large dynamic rangé ( 180d8B).

In practice the adjustment of the phase of reference.signéls is significant

to the satisfactory operation of the detection system. A simple practice



that has been found to efficiently adjust the detection system'is described

below.

The phase of the reference signals should be adjusted so as to 'tune’

the two phase sensitive detectioﬁ networks to the resistive and reactive
components of the bridge summing voltage. This is conveniently achieved
by connecting an oscilloscope to the output of the coherent filter in the
detection channel corresponding to the resistive component of. the signal.
The gain of the low noise amplifier may then be adjusted so as to produce
a detectable signal when_thé bridge is offset from the balanced condition
by 1fF. The phase shifter is then adjusted so as to minimise the ampli-
tude of this signal and the process repeated with iteratively decreasing
capacitance offsets. The fine adjustment of the phase shift is achieved
by observing the output of the phase sensitive detector of the network
corresponding to the rea;five component of the signal. The phase shift
is adjusted so as fo produce equal positive and negative excursionson

the #SD output when the bridge capacitance is offset by 10aF. For ease
of recording, the output from this PSD is normally displayed on a chart

recorder.

In order to pfotect the system from ''ether' and line born electrical
interference it was found necessary ‘to rigorously isolate the detection
system from interference sources. With this purpose in mind the detection
electronics were situated inside a Faraday cage. Further still it was
found that a second cage, constructed from 5mm thick aluminium, Wéé'fgf.
quired to isolate the ratio bridge itself from low (audio) frequency
interferencé. To prevent inductive coupling of the bridge components to
external sources the bridge was wrapped in mumetal foil and & 3mm thick
mumetal shield positioned between the bridge and the remainder of the

“electronics.

To prevent interference due to supply voltage variation and line

born radfo frequency interference (RFI) the electronics were decoupled
from the 'mains' supply. The 240V, 50Hz supply passes through two

stages of RFI filters to a voltage stabiliser which supplies.the detection
electronics. The individual 50Hz supplies to the units are separately

isolated with RFI supfeSSOrs.

Another ﬁrobleh encountered was a result of‘eérfhloops. To alleviate

this problem the bridge and detector‘were completely isolated, both from
each other and froﬁ contact wjth supply.earth. Earth loops in the shielded
cables of the detection system were'prévented by a large coaxial choke

incorporated in the bridge circuitry.
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4,1 INTRODUCTION AND DESIGN PARAMETERS

Before continuing a detailed discussion of the cryogenic equipment

developed for the measurement of thermal expansion at low temperatures,

“a summary of the functions it must perform, and some of the design

considerations which must be taken into account in its construction

is essential.

The measurements undertaken in this study were designed to investigate
the presence of Schottky type anomalies in thermal expansion produced
by transition metal ions. The energy splittings of these ions, being

typically 1 to 10cm-1} suggest that a temperature range of 1 to 20 K

“would provide crucial information upon the systems studied.

The measurement technique simplifies to one of measurement of small
capacitance changes when the temperature of the dilatometer is varied.
The only differences in cryogenic technique-from "standard practices'

are hence dictated by the need for extensive electrical shielding and

" mechanical stability of the system.

A final consfderapion in designing the cryogenic equipment required is-
determined by the rapid ' cooling required for some of the samples measured.
Many systems measured contained ions in valence states exhibiting rela-.

tively rapid population decay {eg Cr2+ in Al produced by }/ irradiation

203

of ruby). These samples required rapid cooling to liquid nitrogen

temperatures to ''freeze' ifon valence states in the required populations.

The requirement for a rapid cooling facil}ty suggests the use of a con-
tinuous flow Hel+ cryostat as a basis fof the system. The use of this
was prohibited by the vibrational stability and the temperature range
required. A straightforward Heh pool cryostat was hence adopted as

the basis of the measurement system.

To achieve -the required cooling rate an exchange medium facility has

‘been employed with some success. Earlier expansion measurements have

been performed using pumped helium hath cryostats with low pressure
helium exchange media (ég White (1961)).: Recent measurements however
have noted some hysteresis in meaéurement, upon thermal cycling of the
dilatometer, when an exchange medium has beén employed (Villar et al
(1980)). This has been interpreted in terms of a1 adsorption-desorption

process upon the electrode surfaces. Indeed, earlier measurements of the



- study reported here_have also exhibited some hysteresis upon thermal cycling,
when an exchange gas was employed during the final stages of cooling. -
Stringent ¢leaning of the dilatometer electrodes prior to cooling Has.
however, provided significant relief regarding this.problem. When this
problem has arisen thermally cyéling the dilatometer between 4.2 and

12K under vacuum has sufficed as a remedial measure.

To encourage vibrational stability the cryostat and control electronics

were mounted on a 'vibration free' area of the laboratory. This consisted

of a concrete and 'hard core' pillar with a cross section of 4m x 4m extend-
ing - through a basement stcrey beneath the laboratory and down Im into -

bedrock. The top of this pillér is flush with the labofatory fleor. and
accustically isolated from it by a holymer filler. !t was .further

found necessary to mount the cryostat itself rigidly upon.a second, rein-
forced concrete, block isolated from the floor area and with the facility

to 'float' this block upon a multitude of:heavy'duty rﬁbber inner tubes.

All_véCUum and 'plumbing’ connections‘to the cryostat are vfa flexfble

rubber connections.

We will now go on-to describe the mechanical defails of the cryqstaf,.

details of experimental technique, and the processing of experimental data.



4.2 CRYOSTAT DESIGN AND PERFORMANCE

A pumped He‘[+ cryostat design was adopted and constructed. General

views of the system in-total is given in plate h.1 and plate 4.2.

A helium pool cryostat was constructed from a pair of glass dewar flasks.

~ The inner diameters of these were 10cm and 30cm for the helium and nitrogen
vessefs respectively. To encourage vibrational stability these dewars were
mounted in a rigid aluminium frame and this frame bolted on top of a
reinforced concrete block. The cryogen-capécities of these flasks in
assembled form are 3 litres and 20 ]i;res for the liquid hélium and

liquid nitrogen vessels respectively.

A stainless steel insert of the I-innér pot' design was Eonstructed for
immersion in tiquid helium within the inner dewar flask. A simplified.
schematic of the 'cold end' of this is given in figure 4.1. The insert
consists of a detachable vacuum chamber (see plate 4.3) suspended from
the top of the helium dewar by thin walled stainless steel tubes. Two
copper radiation shields are equispaced between the top of the dewar and
the top of the vacuum jacket. With the radiation shields in place and
with the helium flask at its maximum capacity of 3 litres the cryogen

consumption has been estimated to be 100cm3 lquId helium per hour

fhe detachable vacuum jacket surrounds a further cylindrical vesse1.f;
('inner pot') suspended freor the top of the vacuum jacket Qia three
thin walled stainless steel tubes (see plate 4.4). The dimensions of
this cylindrical vessel are diameter 6c¢m and length 10cm, and when
immersed in liquid helium a facility exists by which this 'inner pot'
may be filled wlth liquid helium via a needle valve (see flgure L. and
plate 4.4). |f necessary the liquid hellum wnthln this inner pot may
then be pumped by a helium sealed pump and its temperature reduced to
approximately 1.2K. The temperature of the helium in the inner pot is

conveniently determined by measuring ‘its vapour pressure.

To accomplish this a stainless steel tube was provided connected to two
manometers containing mercury and oil. The base of this inner pot
provides a heat sink, ‘or 'cold finger','to which the experiment may be

attached.

Vacuum seal for the detachable jackét is provided by a compressed _
Indium "0"-ring. Details of this seal are given in figure 4.2, The
indium "0'"-ring is trapped in a tongue and groove arrangement and com=

pressed via 15, M6, screws. " This joint has been found successful in -



practice provided sufficient care is taken in cleaning joint and indium

hefore assembly.

The dilatometer is suspended from the base of the pumped helium pot and
surrounded by a polished copper radiation shield (see plate 4.% and
4.5). Thermal contact between the copper radiation shield and the inner
pot is encouraged by the use of a small quantity of silicone grease on
the threaded joint between them. Heat leaks to the experiment space due
to thermal conduction down the electrical leads is supressed by thermally
anchoring these leads to the base of the inner pot. Heat leaks due to
conduction down the capacitance leads and insulation is suppressedby

using PTFE coated copper wire for these connections.

Electricat shielding of the capacitance leads, both from each other and
from external influences, is via stainless sfeel tubular shields. The
technique which has been adopted with some success to shield these
connections is in the form of two concentric cylindrical stainless steel
tubes the outer one of which is 8mm in diameter and the inner one 3.2mm
in diameter. The tubes are mounted in a coaxial arrangement with the
‘low potential' lead passing down the centre of the inner steel tube and
the 'high potential' lead passing between the two tubes as shqwn‘in fig=- -
ure 4.3. The inner shield is continued past the bumped helium pofh" _
within the vacuum jacket to provide continuous shielding for the fow .
potential electrode, and the low potential lead thermally grounded to

a shielded copper post at the centre of the base of thé inner pot.

Electrical shielding of the Kelvin guard-ring.capacitor is provided via
three earthed shields. The first being the walls of the dilatometer
itself, the second being the copper ' 2K' radiation shield connected

to the inner pot and the third being the vacuum jacket itself.

To maintain vacuum security, all non-detachable joints that were to

be exposed to liquid helium were either silver scldered or argdn arc
welded, Especially important were those joints which are exposed to
superfluid helium. Before any experiments were performed thé insert
was rigorously tested using a mass spectrometer Teak detector and again
tested at regular intervals when in use. The vacuum security of the
vacuum jacket was tested prior to cooling using the same technique. All
room temperature vacuum joints were soft soldered where possible and -
neoprene rubber '0"-ring seals utilised where a demountable seal was

required.
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Vacuum and electrical connections to the cryostat are affected at the

_top of -the cryostat (see plate 4.7). Vacuum connection to the insert

is via a flexible rubber tube. The pumplng line for the pumped helium
vessel and the return line for evaporated helium gas are connected to
external plumbing by flexibie stainless steel bellows attachments.

Electrical connection for the capacitance leads is via two BNC con-

. nectors in a 'T' arrangement as shown in Plate 4.6. Electrical

connection for thermometry and heaters for temperature control is
achieved using two, 10 pin connectots. The stainless steel tube housing
the enamelled copper wires that provided thermometry connections doubles
as the main pumping tube for the vacuum jacket. The other fittings
which may be observed in plate 4,7 are a threaded fitting linked to

the needle valve controlling liquid helium flow to the inner pot, and

a Facallty for access for a liquid hellum syphon.

Sample thermometry utillised caliprated pltatinum and germanium resist-
ance thermometers. The resistance was determined using a four terminal
DC technique using a stabilised current source and a

Keighley model 1802 digital nanovoltmeter. The témperature of the
pumped helium bath was determined from vapour pressure measurements
When required, a Thor cryogenics model 3010 IT temperature control]er
was ut|l|sed with an Allen- Bradley carbon resistor as temperature
sensor. The electronics cabinet contalnlng the General Ratio capac;-
tance bridge was temperature controlled using a nickel resistor as E

temperature sensor.

For rapid'cooling of samples an exchange gas { 1 Torr of Hydrogen or
Helium) was used in the inner of the two glass dewars. Using this-
technique it was possible to reduce the temperature of the eample from
room temperatures to liquid nitrogen temperatures in typically 60
minutes. It is of course possible to cool more rapidly than above but.

the risk of shattering brittle samples has been found.

4.3 EXPERIMENTAL TECHNIQUE

The techniques used for the measurement of thermal expansion have already
been sufficiently desc}ibee in previous sectiom_(chepter 3} Experimentatl
technique revolves around that used by all.authors in the field in that
the capacitance of a three terminal dilatometer is determined at discrefe
temperatures and this informetion used to calculate specimen expansion.

A major object of this study was the refinement of this technique and

the application of amicrocomputer to automate the measurement process.



(3.4

The measurements required may be Broadly differentiated into two
temperature. regimes, Firstly for temperatures from 1.2K to 6K

requiring the use of an‘“t:' helium bath and secondly from L.2K
to 20K. A dynamic'technique was adopted for the measurements and

this is described in more detail below.

The basis of the technique is to perform a data averaging process upon
tHe capacitance.of the dilatometer while the temperature of the system
is allowed to vary in a confrolled manner. In practice this entails

the measurement of the temperature of the system at predetermined
intervals while the system is allowed to warm, and during the intervals
between these measurements the capaC|tance data averaged In initial
experiments this process was achieved by using a chart recorder to
display the capacitance bridge null detector output and the temperatﬁre
measured and noted at discreet intervals. |In later experiments however,
a digital voltmeter (Keighley 1802 Nanovoltmeter) was used which had

the facility for digital output of the resultant voltage. 1t was then
possible to use a Commodore ‘'Pet' mini computer to sequentially switch
thermometer and capacitance readings to the voltmeter and to record and
store the resyltant data. The use of a minicomputer enhances‘the noise
performance of the system as it is possible to perform data averaging
algorithms over very long time intervals. The period between temperature
measurements and periodicity of capaC|tance measurements were pre-'
programmed into the system prior to commencrng measurements and typ1cef

values were:-

Interval between temperature measurements

= L minutes
. s . . . o
Typical temperature increase in five minutes = 0.17°K
. Interval between capacitance measurements = 5§ seconds

For measurements below 4K the inner pot was‘fille&‘with liguid helium
using a needle valve faciltiy. This inner helium bath was then bumped
until the bath temperature (as measured using vapour pressure thermom-
etry) had remained constant for some minutes (typically at 1.5K). The
bath was then sealed and'obserVafions recorded as the system warmed.
Thermal isolation of the dilatometer was such that the’femperature rise
of the system was typically iK per hour so that thermal equilibrium of
the sample and dilatometer may be assumed eo be a reasonabie
approximation. Helium economy was such that the system could be cycled

over this temperature range several times.
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For measurement above 4K the inner pot was opened and the observations
obtained when the cryogen level in the system became limited. This
technique allows measurements to be recorded up to typically 18K before
the rate of temperature rise detrimentally disrupts measurement precision.
Indeed with suitable adjustment of the capacitance bridge and detection
electronics it is possible to extend the measurement raﬁge up to room

temperature with reduced measurement precision.

A great advantage of éhe automated data aquisition system is that
experiments could be conducted over very long periods with minimal oper-
ator intervention. Indeed manual intervention was only necessary to
effect cryogen transfer and occasional adjustment of bridge balance.
Work 1s still continuing to use the mini computer with an auto-balance
facility to further extend measurement precision at'higher temperatures.
A further advantage of the dynamlc experiment technique is the economy
of helium consumption that can be achieved; With care a 36 hour

experiment may be performed with a maximum helium consumption of 7 litres.

The automated recording facility may be calibrated by measurement of
detector cutput for variocus known capacitance offsets utilising a stan-
dard capacitance. A tagrangian interpolation procedure may than be
used to calculate the capacitance corresponding to any voltage offset.

This procedure has been tested by using the capacitance bridge in’its

~"calibration'" mode and found accurate to the resolution of the brid@e_

(0.1aF) for small capacitance differences (+20aF).

4.4 DATA PROCESSING

The experiments performed in this study broduce'data in the form of
capacitance of the capacitance dilatometer as a tabulated function of
temperature. A significant- -amount of numerical processing is required
to calculate the expansion coefficient from this data and for this
purpose a Fortran computer package was developed.  The computer package
accepts the capacitance-temperature data set and maps this to a

second data set cdnsisting‘of sample length as a function of temperature.
This data may then be differentiated numérically to give the expansion
coefficient, ' ' .
A Newton-Raphson technique is used to calculate the separation of the
electrodes in the capacitance dilatometer from the measured capacitance

using the relation (3.11) derived in Chaptér 3 and repeated below:

.- 'ﬂ'ﬂ. So &r (h—S (Hzaj(‘_‘_oé?;qfo)fl)

do



It should be noted that the variable R] is a function of the. thermal
expansion of the HCOF cepper used in the manufacture of the guard ring
plate. 1ts value at any temperature T2 may be calculated from its

measured value at a temperature T by using the felation:

RS S A a:v) ()

Where O( is the linear thermal expansnon coefficient of HCOF copper.

In the computer package the power series expansion forCKc (Kroegar

-and Swenson (1977)) (Table 3.1) is utilised and is numerically inte-
grated usnng a Gaussian integration technique. The behaviour of the
electrode guard-ring gap, s, is also expected to be temperature dependent

but its effect was corrected by performing calibration experiments.

Numerical differentiation of 'noisy'data is inherently problematic. The
technique pursued here was to produce a polynomial, spline function,

fit to the data and to differentiate this fit. The functions used, in
‘the software routine, to fit to the data were 63 -cubic spline functions.
The primary reason fot the use of these being that library routines

were in existence that would calculate not only the polynomial fit, but

also the first three derivatives of the fitted polynomial.

A useful advantage of the computer facilities available in Loughborough
is that extensive interactive graphics software was available. These
have been extensively used in accelerating the process of curve fitting
to the data. Some attempt has also been-made to optimise the thermal
position of the 'knots' used in the fitting routine using a quass-

Newtoman mlnlmisatlon routine,

A very sumpllfled flow. chart descrlblng the computer package is shown

|n fngure (4. h) and a complete listing is available in Appendix |.
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5.1 INTRODUCTION AND PILOT STUDY.EXPERIMENTS

An extensive series of experimental observations have been performed

to determine the contribution to the low temperature thermal expansion

of aluminium oxide crystals due to the presence of small concentrations

of strongly coupled paramagnetic ions. The experiments reported invol-

ved the measurement of the low temperaturé thermalBxpansiqncafaluminiwnoxide
both as pure crystals and doped with small concentrations of Chromium,
Manganese and Vanadium. Tﬁe samples measured were all of cylindrical
geometry.and were(single crystals, a majority of which had a specimen

axis (cylinder axis) at an angle of 609 with the crystallographic

" ¢-axis.

. A series of pilot experiments were performed, inspired by the theoretical

studies of Sheard ((1969), (1971), (1972), and (1977)) to determine

0 5Cr). The reasons

2°3

for adopting this system are numerous and have largely been discussed

the thermal .expansion of ¥ irradiated ruby (A1

earlier. In particular this system was found attractive for the follow-

ing reasons:

(i) The concentratfgn of the Cr2+ ion (thought to be very strongly
coupled) in the sample could be conveniently varied by UV and
X Trradiation (eg Brown et al (1973), Brown (1971)).

(ii) The ruby system has been qualitatively studied with some success
using other techniques such as therm;l conductivity (Brown et
al (1973)\Br0wn (1971)).

(iii). Large monocrystalline samples of ruby were readily available.

(iv) A dynamic, multi-mode, Jahn-Teller model for this system has

been studied in some detail (Bates (1978)).

(v) The Debye temperature of AI203 is 1023K so that at low temperatures
the lattice thermal expansion is small, and should not dominate

any paramagnetic contributions.

A three terminal capacitance techniqué (incorporating a GR 1615A capaciténce
bridge) was utilised to determine the thermal expansion of three

aluminium oxide samples from 3-270K relafive to that of a HCOF copper
annulus (Browh and Brown (1981)). The three monoérystalline samples

were cylindrical in form, one being a "pure' Al,.0, sample, another being

23

doped with 22 800ppm Chromium (manufacturers quoted value) and the



third sample containing 8100% 200ppm Cr (Value obtained by optical
measuremen ts (villedieu, private communications) the manufacturers
estimate having been 1.04%). The dimengions of the cylindrical

samples were diameters 12, 10 and 5mm and lengths 100,100 and 50mm

for the pure, 800ppm Cr doped and 8100ppm Cr doped samples respectively.

The chromium doped samples were f{ irradiated (107rads) using a

0060 source to produce a saturated population of Cr2+ ions (Brown
(1971)) and then rapidly cooled and measured. The results of this
exercise are plotted in figure 5.1 (figure 2 of Brown and Brown (1981)).
Clearly, peaked anomalies were observed with a peak ater 3.9K and

the effect was tentatively ascr?bed to the presence of Cr2+ {produced

3+

from Cr by 7‘ irradiation). |f one takes the published energy

levels of Cr2* in AIZO3 (Bates (1978)) and calculates the expected

Schottky specific heat anomoly (figure 5.2, peak amplitude 20 x 10-2h
- -l _ .

“J K 1 (ion) at 2.6X), and uses the estimated 5% of the total chromium

3+

concentration for the number of Cr ions converted to Cr?+ ions by

Y{ irradiation (based on low tempéréture thermal conducfivity measure-
ments eg Brown et al (1972)), we obtain an admittedly crude estimation
for the "spin" Gruneiseén parameter Ks) of no 180, This value contrasts
strongly with the value \K;=:“§gderived from second order spin orbhit
coupling on a static crystal field model (see section 2.3.1) but may
be consistent with a dynamic Jahn- Teller mode! (65 ~ 30 for

Mg0:Cr 2+ (Sheard (1971}) with tunnelllng splitting.

The results plotted in ngure 5.1 were obtaiﬁed using the computer

package described in the previous chapter. The position and height

of the peak obtained is hence totally dependent upon the actual inflection
in the plot of sample length against temperture (figure 5.3). Due

to the limited sensitivity of the GR1615A bridge (10 °pf) and calibration
errors discovered after the completion of the experiments, the magnitude
of the observed anomoly is subject to large systemafic errors and required

more. detailed analysis using more sensitive apparatus.

The promising result obtalned in these measurements however provided
the lever required to obtain funds for the purchase of the General
Radio 1616 precision capacitance brudge used in the remainder of the
experiments performed in this study. This device with its greater
intrinsic stability and sensitivity, provides the additional precision

required for a more detailed study of the phenomena.
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5.2 THERMAL EXPANSION CORRECTIONS DUE TO EXPANSION OF DILATOMETER
ELECTRODES AND SAMPLE SUPPORTS

As a prelude to the further measurement of doped aluminium oxide
samples it was necessary to firstly determine contributions to
observed effects which are a result of dilatometer electrode expansion

and sémple support effects.

To accomplish this, a series of measurements were made using the
"Al,0," dilatometer described in detail in Chapter 3. This cell
utilises three pure aluminium oxide samples (nos.LUT1, LUT2, and LUT3)
separating the end plates of the dilatometer (see figure 3.11). The
expansion of doped samples could hence bedirectly tohpared with that of
the three pure samples. These pure samples were manufactured from the
same  boule and were cylindrical in form with cylinder axes inclined

at 60° with the crystallographic c-axis. The dimensions of the sahples

“were lengths 50.3mm and diameter 5mm and they were single crystals.

To determine the expansion effects attributable to dilatometer elec-
trode expansion and sample mountings a fourth pure aluminium oxfde
sample was utilised (no.LUTE). This sample was identical in all
respects to the pure reference samples, being also from the same boule
as LUT1, LUT2, and LUT3. A1l four pure sémples were spark machined -
and precision ground and polished to bé‘of identical lengths (nJi_

0.004mm tolerance).

Approximate correction of the data due to exﬁansion of the HCOF copper

electrodes was accomplished in the computer package using the poly-
nomjal expreséions from the expansion data of Kroeger and Swenson
(1977). The apparent results of measuring the thermal expansion of
sample LUTH relative to samples of LUTI; LUT2 and LUT3 are given

in figure 5.4. The graph plotted is of apparent exansion coefficient
as a function of temperature (fhe effect of tﬁe known expansion of the
HCOF electrodes and supports being previously compensated by the

analysis software).

It is immediately obvious that there are no peaked anomalies in this _
data. The data was further used as compensation values in the results

plotted for the doped samples discussed later.
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5.3 THERMAL EXPANSION OF Alzg,:c.-' (Ruby)
- . o

A detailed study of the thermal expansion of ruby has been performed

using the “AIZO cell" dilatometer. This study involved the defermin-

ation of the 103 temperature thermal expansion from 2K to 20K of the
8100ppm chromium doped aluminium oxide sample following ultra violet and

\f irradiation treatments. The expansion of this sample was determined
relatiye to that of the three pure aluminium oxide samples LUT1; LUT2,
and LUT3. The dimensions of the Samples involved in this study are

summarised in table 5.1.

Several experiments were performed and the résults of which are reviewed
here. FirstlY the thermal expanion of the chromium doped sample was
determined following ultraviolet irradiation at 365nm. This was per-
formed using.a 150W mercury discharge source. The éamp!e was éxposed

to this treatment for 168 hours with the sample positioned some 3‘;m
from the UV source. Previous studies (Brown et al (1972)) suggest

that this brocedure should be sufficient to remove any Cr2+ ions

present in the sample produced from earlier irradiation treatments.

The results of several measurements performed over a number of days

are summarised in the following figures.

Secondly, the sample was subjected to a )ﬂirradiation treatment qﬁing
5 -1.
rad hr .

The total dosage of 9.6 x 106 rads. being sufficient to saturate the

a C060 source for 96 hours at a dose rate in excess of 10

population of Cr2+ jons within the sample (Brown (1972)). The

sample was immediately cooled to liquid nitrogen temperaturés to pre-
vent excessive decay of the crlt population (the decay rate being
of the order of hours). The sample was again measured at several
periods over a pericd of days, the sample being maintained at a temp-

erature below 25K during the intervals between measurements.

The results of these measurements are reviewed in the following figures.
Figure 5.5 cohﬁéins a representation of the change in capécjtance :

of the three terminal dilatometer with temperature for measurement§
before -and following Ys—irradiatiOn treatmént. The following figure
(5;6) contains the results of the same experiments presented in terms
of the thermal expansion.of the sample. For clarity, expansion effects

due to electrode and mounting expansion (as discussed in section 5.2)

| have been subtracted. Again a marked peaked feature, with a

peak at #4K,is observed in the expansion of the Klirradiated samplé which

is not present in the UV bleached case, providing more evidence that this



Table 5.1

Aluminium Oxide (Al,0.) Samples Used in the Study

2

3

PURE SAMPLES:

No - o Length ~ Diameter Crystal Axis Orientation

mm mm to Sample Axis
LUT1 50.30 4-.01 5.0 .05 60°
LuT2 50.30 .01 5.0 +.05  60°
LUT3 * 50.30 +.001 5.0 +.05  60°
LuTh 50.30 .01 5.0 +.05  60°
YPure 1" 100.0 12.0 60°

DOPED SAMPLES:

No - Length Diameter Doping Crystal A£i§"

mm _ mm Density Orientation
| ppm Relative to
Sample Axis
Chromium
7 1 00 10 gool™ g0
#2 - 48.60 5 w100 g
‘Manganese
J1 50.0 5.0 | 60(*ﬁ*) 600_
Vanadium _ o
Az 50.0 5.0 ]]15(****) 600

% Manufacturers estimate

wk Optical measurements (Villedieu, private communications)
sk ~ Max possible (De Goer (1969)), thermal conductivity measurement

ol Thermal conductivity measurements (De Goer‘(1969))
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“Cr

. . .24 . '
feature is a result of the production of Cr ions in the sample

during ¥ irradiation.

Before continuing to analyse the results obtained in more detail

it would be profitable to discuss the effect of variation of the
fitring parameters used in the numerical analysis packége. In order
to perform the numerical differentiation required to calculate the
thermal expansion, a {3 -bubic spline function least squares fit

is performed upon the data (see Appendix 1) and the fitted function
differentiated analytically. .The resultant expansion coefficient
values -thus obtained will hence be a function bf‘the'éxact fit used..
To illustrate this point a number of trial function fits of varying
success have been reproduced in figures 5.7, 5.8 and 5.9. 1In the
analysis package the spline function fits are evaluated using an in-
teractive graphics routine. This routine compares the experimental
data with an éptimised user defined @ -cubic sbline function.

The expérimehtél data is reproduced as a_change‘in the separation

of the dilatometer electrodes with temperature. The isothermal
dotted lines reproduced in figures 5.7, 5.8 and 5.9 represent the
position of the "knots'" denoting the junction of the variods com-

ponents of the spline fit.

Fit 1 (figure 5.7) represents a ‘''reasonable fit' to the data pofnts
produced by using six spline functions to define the fitting function.
Fits 2 and 3 (figures 5.8 and 5.9} represent less than ideal fits

using seven and five spline functions respectively to define the

fit. The expansion coefficient resulting from the differentiation

of the fitted functions is reproduced in figure 5.10, here again
the expansion ¢ffects of the dilatometer and sample supports have
been subtracted for clarity. From examination of figure 5.10 we
conclude that although the effect of variation of fitting parameters
is eminently noticeable the general structure of the eveolved

expansion coefficient data remains the same.

|f we, as in the initial experiments, assume that 5% of the total

3+ ¢concentration’in the 'bleached'" state is converted to Cr2+ by

-lzPa-1 for

B’.irradiatiqn; And if we use the value of 3.78 x 10
the isothermal compressibility of AI203 (Schauer (1965))% And use
the calculated magnitude of the Schottky specific heat plotted
in figuré 5.2 (calculated from the theoretically derived energy
levels of Bates {1978)) of 2 x 10723 4 ion ' K. 1f we further

make the assumption that the distortion is spherically symmetric
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so that the volume expan51on coeffIC|ent, Q» is given simply by:

5= Bet o |
we may estimate the value for the "spin® Grunelsenparameter (?5;
tobe ¥Ys = SCX 5

bt should be noted that thé measured peak in expansion coefficient
(at Tﬁ’3.9K) occurs at a different temperature to that predicted
from a thermal average of the theoretlcally derived energy levels
(at T-~ 2.6K). This is not surprising however, as expression

2.49 (repeated below) shows us that the phenomena will occur at the
same temperature'onTy wheﬁ the Gruheisen parameters, §; , for all the

individual energy levels of the system, have the same value and sign.
L,)) z w..T" £<(_,L)'(‘YL> <LL7<LL {L> %

The values of the Grueisen parameters for Cr2+ may be estimated. from
expressions developed in chapter 2. '
o= (dlaéd
\\{L 3 (73 "L‘v/h\\/).-l- .
The calculation of the individua! Gruneisen parameters for each

energy level can be split into two stages ( C A Bates, private

communications):

(i)  To calculate the energy level variation with varying tunnelling

splitting.

(ii} To calculate how the tunnelling splitting varies with

crystal volume.:

At present on]y the first parf of this calculation has been com-
pleted (Bates, prfvate communication) and tentative results are
listed in Table 5.2 '



Table 5.2

Variation of level energy with tunnelling splitting for Cr2+ in

Aluminium Oxide

"L O EL
l O '53 (tunnelling splitting)
~ Energy (cm-T) | State Ji_L
0 A(1) 1
4.177 . _ A(2) - =0.31
5.123 | EQ1). . 0.39
6.687 E(2) _ 0.13
9.353 A(3) 0.4
17.696 ‘ E(3) -0.06
18.225 A(k) -0.07
29.251 E(L) +0.39
29.351 - A(5) +0.39 .
(5) +0.32

32.343 £
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IEP’E £.3

Theoretically derived energy levels for 3dli ions (Cr2+ and Mn

3+)

in Al.0. (from Bates and Wardlaw (1980))
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“expansion of Al

The result of substituting these values into equation 2.49 is

presented in figure 5.11. By comparing this figure with the experi-

mentally determined values in figure 5.6 we observe certain simi-

larities. Both figures exhibit sharply peaked "positive' features

with negative "side wings“, although there is some difference in

temperature of the position of the peak.

In summary, a number.of’observations of the low temperature thermal

203:C.r have beeh'performed._ Sharp peaked positive

features have_apbeared when the sample brystél had received a sat—
uration dose of b -irradiation pricr to measurement. These features

were not present when the sample had undergone an ultra violet

irradiation treatment at 365nm. 1t is suggested that these ancmelies

are produced by - ) the presence of Cr2+ ions in the sample

3+

produced from the Cr substitutional ions by ?S“irradiation.

The,measured Gruneisen parameter associated with this strongly coupled

“ion is not consistent with a static field model of the crystal

environment but may be consistent with a strong dynamic'Jahn-Te!!er

model with tunnélling sp1itting. A more complete evaluation of the

phenomena is lacking a detailed theoretical calculation of the

Gruneisen parameters for the\indiﬁiduaT_energy levels of the s

_A1203:Cr2+ system which is promised in the future (Sheard, private

communication) . .
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5.4 THE THERMAL- EXPANSION OF Alzg,EMn
4

I'n conjuction with the measurements discussed in the previous sections
a series of experiments were-performed to determine the thermal
expanéion of aluminium Oxide doped with mangancse. Being sub-
stitutional impurities, the dominant vafence state of manganese and
chromium in the At_0_ lattice is +3. The majority of the manganese

23

+
atoms are hence expected to be Mn3 ions.

3+ 3+

The Mn” - and Cr2+ are isoelectfonic so it is expected that the Mn
ions wiil also experience a strong Jahn-Teller effect with tunnelling
splitting (eg Bates and Wardlaw (1980)). We would hence expect
aluminium oxide crystals doped with manganese to exhibit positive
Schottky type anomalies in thermal expansidn as have been observed

with B’ irradiated chromium doped crystals. The essential difference

‘is that the manganese doped crystals are expected to exhibit these

.anoma] ies without requiring any prior radiation treatment,

The manganese doped sample used in these experiments was again cylin-
dfica] in form with dimension very similar to those of the pure
reference samples (see table 5.1}). The sample (Ref. No.J1) has

been used in many studies of the Al _0_:Mn system using other techniques

2°3
(for example Zoller et al (1980)) and was loaned from the Service

.
Basses Temperatures of the Centre D'etudes Nuclejres in Grenobie.

Low temperature thermal! expansion experiments were perfomed upon this

sample using the ”AI20 cell' dilatometer described in chapter 3

3
(section 3.5). A series of experimental observations were performed
over a period of several days and the results are summarised for many

different experiments in the following figures.

The thermal ekpansion of the manganese doped crystal in the "as

‘received'" condition is shown in figure.5.12. In this figure,. as

before, dilatometer and éupport effects have been subtracted for clarity.
Again positive peaked anomalies with negative''side wings'' are

observed in thermal expansion with a peak at ~» UK.

It is again benef%cial to observe the effect of variation of the
fitting parameters used in the numerical analysis package upoh the
apparent expansion measurements. Figures 5.13, 5.14 and 5.15 represent
three trial fits to the same data set using 5, 6 and bcubic spline

functions respectively to define the fit. The result.of differentiation



of these fitted functions are summarised in figure 5.16. Due to
the smaller magnitude of the observed effects compared with those
obtained with the chromium doped samples, we would expect, and do
observe, that there is more uncertainty in ascertaining the actual
behaviour of the sample. The three trial fits do, however, exhibit

peaks of similar heights and position at kK.

We may again estimate the value of the Gruneisen parameter for the
+, . ‘ . . .
Mn3 ionAssuming that the total concentration of manganese ions in

34

the sample exist in the Mn valence state.

Using the value 1.7 x 10_23 J ion_] K_1 for the peak-of the Schottky
contribution to specific heat (see figure 5.17) calculated from

the theoretically derived energy levels of Bates and Wardlaw (1980),
.we calculate the value 55= 130 + 50 for the Grungisen parameter . of

the Mn3* ion. -

Some effect upon the thermai conductivity of A|203:Mn has been repdfted
when samples had received an '"Oxidising' heat treatment {eg De G oer
(1969), Zolter et al (1980)). A reduction in the thermal conductivity
was reported which has been interpreted in terms of an increase in

the Mn3+

concentration produced by heat treatment in air. 1n order
to investigate the effect upon the low temperature thermal expansion

of manganese doped Al after an oxidising" treatment a series of

2%3 | |
experiments were perfomed upon sample Ji following heat treatment
in air at 1700°C for 8 hours. The results of these experiments are
summarised in figure 5.19. In figure 5.18 the dilatometer capa-
citance {relative to some convenient base level) is pIottgd for the
manganese doped sample priof to, and following, heat treatment

(taF = 10-6pF). 'The experiments were again performed in the ”AI203
cell" dilatometer described in section 3.5. Figure 5.19 exhibits
the result of analysis of the Al203:Mn data before and after
"oxidising'" treatment to provide the expansion coefficient of the
samples relative to that of the ”pure'rI samples (LUT1, LUTZ, and
LUT3). The effect of variation of numerical fitting parameters is

again plotted in figures 5.20 to 5.23.

1f we take the peak in the thermal expansion coefficient for the

"after treatment'' condition and assume that the total manganese

3+

population again exists in the Mn”" valence state. The apparent



Gruneisen parameter for the Mn3+ ion after heat treatment is reduced
ta 3; = 83 + LO. Figure 5.19 also sﬂggests that the thermal position
of the peak-in thermal expansion changéé when the sample undergoes
this *toxidising freatment“. Some significant variation i$ also
observed in the ”negat[ve side wings' present in the "as reccived"

condition.

I'n summary we again observe the presence of positive anomalies in the
low temberature thermal expansidn of aluminium oxide doped with. man=
ganese which are not present in the expansion of the pure crystal.
These andmalies are present ih the thermal expansion of the crystal
both in the "as received" condition, and-after receiving an

"oxiding treatment''. Marked changes have been observed to occur
when the sample received this oxidising treatment which'méy not

be simply interpreted in terms of an increase in concentration of the

3+

Mn”" ionsand themechanism is not understood. There are distinct simi-
larities between the anomalies observed with the‘AI203:Mn in the
"as received'” condition and the 2( irradiated Al_0_.: Cr case. Both

273
crystals exhibit positive, sharply peaked anomalies with negative

"side wings'. An analysis of the effect of variation of tuhnelling
splitting upon the energy structure is not available but is promised

for the future (Bates, private communication).

Again, the large positive values for the ''spin" Gruneisén parameter
35 100 ) are not consistent with a static crystal field model

of the lattice environment. They provide more support for -the

existence of a strong Jahn-Teller effect with tunnelllng splitting

for 3d% ions wlthln a C environment.

3v



5.5 THE THERMAL EXPANSION OF Ai,0,:V

As an example of a non-3dh type ion which has been observed using

low temperature therma]‘expansion measurement, a series of experiments
were performed to attempt to detect the presence of V3+.ions

(3d2) in crystals of aluminium oxide doped with vanadium impurity.
The theoretically derived energy level structure for the ground state
of V3+ in A|2 3 is given in figure 5.24, (Villedieu ot ) (1977)).

IT we consider only the thermal average of the lowest two levels

(3A2 and 3E. D = B8.296cm - (Abou-Ghantous and Bates} and calgulate
the expected Schottky contribution to specific heat we arrive at
figure 5.25. Since we only expect these lowest two levels to contri-
bute significantly to the Schottky specific heatrat low temperatures

we would expect to observe an anomaly in thermal expansion at T=* 5K.

A series of thermél expansioﬁ measuremehts were made upon ‘an aluminium
oxide sample (No.2A, 800ppm total vanadium concentration, see table
3.1) relative to the three ''pure" reference samples LUT1, LUT2, and
LUT3. The measured expansion coefficient of this sample is shown

in figure 5.27. Here again the effects of electrode expansion and

mounting effects have been subtractec for clarity.

We see in this figure that a negative thermal expansion anomaly is
observed at approximately 3.8K (in contrast with the positve 7
anomaly observed with the manganese and Chromium doped samples).
Considering the vanadium ions to be substitutional impurities and
assuming that 100% of the vanadium concentration exists in the 3+
valence state. And taking the peak value of the calculated Schottky
specific heat (10.5 x 10 2“ ion -1 at 4.5K) we may estimate

the Gruneisen parameter,'ﬁs, associated with the V3+ ion to be:
¥ 6x3

1 f we compare this result with that to be expected considering a
static crystal field model x;ij? We see that the observed anomaly
would appear to be inconsistent with static crystal field model.
Given the limited sensitivity, of the apparatus relative to the

- small magnitude of the anomaly it is difficult to discriminate pos-
itively against the static crystal field model in favour of a weak

Jahn Teller effect.



5.6 SUMMARY

A sensitive three terminal capacitance dilatometer for the low
temperature measurement of thermal expansion has been.designed,
constructed, and commissioned. A dynamic measurement'technidue
has been developed to allow semi-automatic measurements to be

- taken using a digital 'mini' computer for data acquisition.
Ergonohic computer software has also been developed to allow
rapid assimilation of experimenfal data into easily recognisable

form.

"pure' aluminium oxide (AI203)

- The capacitance dilatometer utilised
as a reference material. The apparatus was used to investigate the
contribution to the thermal expansion of aluminium oxide at low
temperatures produced by small concentrations of paramagnetic impyrity

ions.

: . . 2+
Results have been presented demonstrating the detection of Cr

(3du, 5D), Mn3+ (3dh, 5D) and V3+ (3d2, 3F) in crystals of aluminium
oxide doped with chromium, manganese and vanadium inpurities respeet-
ively. In these cases sharply peaked features are observed in the
Tow tempereture therma!'expansion of aluminium oxide which'are'ho;_
present for the pure material. .In the case of Aiz 3 :Cr it has ‘ '
proven possible to "turn" the feature an and off when '%A-lrradlatnon
‘and ultra-violet treatment at 365nm precede measurement. This
suggests that the feature in the thermal expansion of AI2 3 is _
caused by the Cr2+ ions produced by - irradiation of the sub-

- stitutional Cr3+ ions.

505:Mn and Y- irradiated AlL,0:Cr

is measured at low temperatures sharply peaked positive anomalies are

When the thermal expansion of Al

observed that are not present in the thermal expansion of the pure
crystal., The:'measured ''spin'' Gruneisen parameter associated with
the Cr2+ and Mn3+ ions has been estimated to be 5&1& * 1GG . This
figure contrasts the value ¥s :'€§caiculated on the basis of a
~static field model of the erystal environment {assuming a cubic

site symmetry-for the ion). The valde of 5$ has been estimated

for MgO:Cr using a crysta) model incorporating‘a‘strgng dynamic
Jahn-Teller effect with tunnelliing splitting and the result found to
be ¥g xtsc. The approximate brofile' of the thermal expansion con-

tribution of Cr2+ has been estimated using a multi-mode model.



The general form of this (sharp positive peak with negative "side
wings'') compares very favourably with that observed with the ?{

irradiated A1203:Cr and ''as received" A1203:Mn crystals. The

experimental evidence hence appears to provide support for the
presence of a strong Jahn-Teller effect with tunnelling splitting

for the 3dh ions in AI203 though a definitive result lacks a detailed

theoretical analysis.

A series of measurements has also been performed to determine the

effect upon the thermal expansion of the Al :Mn of an "oxidising"

203
heat treatment in air. A reduction in peak height and change in
""profile' of the anomaly have been cbserved. Similar experiments
involving the effect upon the low temperature thermal conductivity

of such a heat treatment have been interpreted in terms of an increase

" in population of the Mn3+ ions in the sample. The thermal expansion

effects observed may not be simply interpreted in terms of an increase

3+

in Mn concentration and the mechanism for this is at present

unknown.

The low temperature thermal expansion of AIZOB:V has alsc heen measured.

In this case a small negative anomaly has been observed which also

is not present in the thermal expansion of the pure crystal. |If

3+

we assume that this effect is produced by the V ion and further

assume that all of the vanadium impurfty in the sample exists as the
vt

obtained. - Unfortunately, given the small magnitude of the anomaly

ion a value for the spin Gruneisen parameter of 65‘):;'-'{:33 is

and limited sensitivity of the apparatué it is very difficult to
positively distinguish between a static field model and the presence

of a weak Jahn-Teller effect.
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spline fitting parameters, 3rd Fit.
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APPENDIX |

FORTRAN PACKAGE FOR PROCESSING THERMAL EXPANSION DATA

The listing that follows is of a fortran packége that‘has been
developed to process data produced in thermal expans?on experire=t:.
A flow chart and further description may be found in Chapter 4.

The comments are self explanatory énd further details‘will nét bz

discussed here.

Therprogramme was‘déveloped to be egecuted_by Loughborough Universities
"Prime 40O compufer, and interactive device, and makes extensiv: uase
of the interactive graphics facilities évajlable. Extensive Qse

is made of the ""NAGF' and ''GINO-F* fortran libraries although seyer&\
minor faultﬁ'were found 1n some of these routjnes. Where necesszry

the complete listing of the library routine is given including any
modifications that havé‘been_Found necessary for successful executien

of the package.

Although the prime.computér is a virtual.memory device, it has'téin
found necessary td employ a dummy virtual memory file on disc to
cope with the extensive quanti ties of graphlcal data generated by

the routine.



(00013
(C002)
(0003
(G004)
(Q005)
CQ004)
(0007
(G008)
(0009
(0010
(00112
(Q0i2)
(00133

(00143 .

0015
(0014
(O017)
(0012
(Q019)
(00Z0)
(o021
CO022)
(0023)
(0024
(0025
(0024
0Ty
(G028
(00293
CO0Z0)
{0031)
{0032
(0033
(O0348)
(0035
CO034)

£O037).

(0038
(00573
(o402
0041
(o042
(0043}
(0044,
c0045)
0044y

(0047 .
(00423)
(0049)

(0050)
(0051)
(6052)
(G0S3)
{00S4)
(00S5)
(00S4)

C00357)

(0052
(0052
C00&0)

(0051)

£0062)

COOLT)

PN

CHREEREHREREFCFT RN NI H TSI %%%x%C

0ooOoOoaon

c

c

C : .

c ; THERMALL EXPANSION DATA EVALUATION PROGRAM
C B

C

c

E2 T2 TSR LIRS LS LR ES R L L FY S FLESE S L SRS LS YL L L L PR Y TN
 IMPLICTT INTEGER(IsJyLaMsNsR)yDOUBLE PRECISIONCA-H1K»0-Gy5-"
*REALCZY :

COMMOM /A&7 NCAP7,K(100)41C(100),IFATL I NCAP:SS+SDASH(A)
COMMON /87 A13A2:A3NOUT 1 NINsSASAS

COMMON /C/ X(2T50)sY(2S50) W (250),

*GFRAD L 2E U!1D(°50)1SPEXP{AJO)VARES{"SO)sYCﬁLC(°50)1

FWORKLI {200 »WORKZ2¢(4 41003,
*TRl(cn)gTR“(SO)vTRo(SO)1TR4(50)sEXfASO)sSPLluLSET
*#sSPLZ

COMMON /Z/ ZXRES(S00)Y s ZYRES(S0Q) !NVVQL!NSYH!
*ZXSYW‘EFU‘vZYSYM(Lg01!NCU?!IHQ!ZNI!NW!NNYYSNDEV
COMMON /3/M
. COMMON /RSJIVTYPE
DIMENSIOMN M(S0)aNJ(S0) -
EQUIVALENEE (RyTBNsL1D 9 (I 4L2)
EXTEARMAL. 5AP
DATA MINSS/NOUT/&/7 sNCUR/C/

IF INFORMATION IS REQUIRED UPON DATA FORMAT THEN GIVE IT.

ooaon

CWRITE6141532)
1532 FORMAT (' iF INFORMATION ON DATA PRESENTATION' »
% IS REQUIRED TYPE 1 OTHERWISE 07) |
READ: 117y IJR"
IF¢IJB.EG.13CALL INFO

INPUT ZI.ECTRODE PARAMETERS

A4=RADIUE OF COPPER ELECTRODE IN METRES 7
AS=SEPERATION OF ELECTRODE AND GUARD RING IN METRES

noaoooaonOon

READLS ¥ 3A4+ A3

L]

READ TERMINAL TYPE FOR GRQPHICS DUTPUT

aoooonoo

WRITS(141)
FORMAT (* INPUT TERMINAL TYPE BEING USED* //
»? TYPE 1 FOR TREND'/ _
*? TYPE 2 FOR T4010'/ _ _ -
*? TYPE I FOR S§5&00'/
#*? TYPE 4 FOR SS5660')

READ¢ 1 - *3NDEV



(00632
(0044)
(00&32
(0054)

(004673

(0065)
(0049)
(0070)
(0071
(0072)
€Q073)
(0074
007
(Q074)
(077>
COO78)
<0079
(000}
£0021)
(DOE2)
(O08T)
(0OS4)
(00E5)
(00BE)
(00E7)
(O0ES)
{0059
(0050
(O0Y1)
(0092)
(0073}
€0094)
(0095)
COOT4D
(OOY7)
(0073
(0097
(0100)
(O101)
(0102)
(0103>
(0104)
(0105

(0104}

(0107
€0103)
(0109)
(01103
(0111)
(0112)
(0113)
¢0114>
(0115
(0114)
(0117)
€0113)
(0119)
€0120)
o121
(0122)
(0123)
(01245

ooocoOoo0on

cOooOoOoa0

{4

onaocOonts

= 00000

READ SPECIMEN PARAMETERS

SPL1L =SPECIMEN LENGTH

' SPL2 =LENGTH OF COPPER WHOSE EXPANSION IS TO BE COMPENSAT

READ(S+%)>SPL11SPL2
SPL1=SPL1%1,0D10.
SPLR=SPL2%1.0D10

INPUT ZHPACITANCE » TEMPERATURE DATA IN FREE FORMAT

R=0

R=R+:
RERDLD:?)
W{R)=3.0Dq
IFCY m: L.
GO TS =
M=R—-"1

VIR X LRY .

1
T.1.0D-563G0 10 2

WRITE ™0 QUTPUT LISTING NO. OF POINTS AND SPECIMEN LENGTH

WRITE(NOUT» 929231
WRITZ(NOUT:9972038PL1
WRITZOMOUT799720)

CALCULATE GAP FROM CAPACITANCE DATA

AINIT=GAPCY (1) X(13)%1.0D1C
WRITECL1+1Z342AINIT
WRITELL13B3A)AINIT
FORMAT(//T INITIAL GAP IN AMGBTROMS=":D13.&//)
DO 220 R=1sM
ALIMEBD=GAP(Y(R)Y + X{R}33>#1.0D10
RCRY=Y (R .

YR =ALLIMEQ-AINIT
SPEXPIRI=Y(RI-AINIT
IFCIWGHT.ME. 1260 TO 200

GD To 220

CONT INMUE

CONT EMUE .

CALL BETA CUBED SPLINE FUNCTION ROUTINE
WITH INFFRACTIVE GRAFICS.

CALL CSFM

WRITE 70 QUTPUT FILE SPLINE PARAMETERS.
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€0125)
(0124)
L0127
(0128)
(0129)
C0130)
(0131)

(0132).

€0133)
(01343
(0135)
(0134
Q137D
(01333
(01393

(Q140)

C0141)
(0142)>
(01473
(01443
(0143)
(01443
(01472
(0143
(0147
¢ O 1503
(O151)
CO152)
(D153)
(01543
(1557
(015&)
(0157
(01533
(D159
{G1A0)
SCO161)
(O1A2)
(0163)
(Q1464)
(01463
(0164)
(014672
(0168
(01467
(0170}
L0171
C(OL7)

(0173)

01743
(01753
(01743
(01773
(017%2)
(0172
(01803
(0131>
(0132
(0133
(0134)
(0135}

(0138462

WRITSUMOUT 197924 INCAP
NCAPZ=NCAFP+2
NCAPI=MEAF+3
NCAP7=NECAP+7
IFCNCAP.EQ.1XG0 TO 140

120 IF(NCAP.LER.1)G0 TO 140

WRITECNOUT»92929)
_ WRITECNMOUT»22938) (J1KCJ) + J=3»NCAP3)
140 IFCIWOMT.NELL1)GO TO 140
G TO 114
160 WRITEUMOUT»99926)
114 WRITEMOUT,11112)

11112 FORMAT /ST KNOT(JI+23 B-SPLINE CODEFF C(I)’)
DO 4 R=LWyNCART.
4 NRITEINDUTs9f97?3h(R)1C(R)

999797 FORMATC(2D20.5)

S32=85+58E

HE=0

DO 304 [KN=1sM
304 WS=W3+4 (TN

. 582=080RT(SSZ/WS)
_ WRITSEMOUT 2358536888
99993 FORMAT( CURIC SPLINE FIT TO ARBITRARY DATA POINTS  +/-
© #? IMPUT DATA'»/+'NUMEBER OF DATA POINTS =7,14) ’

99794 FORMAT (/224 NUMBER OF INTERVALS= »14)
99791 FORMAT(/2IH UNIT WEIGHTING FACTORS)
99990 FORMAT(/IIH USER SUPPLIED WEIGHTING FACTORS)

F9959 FORMAT (/20H J KNOT KCJ2/3

Z%YR8 FORMAT(1Z.D20.30 '

99926 FORMATL/ 17 R ABBCISBA X(R) - ORDINATE Y(R:}
B AEIGHT W(R)Y ™D

G5 FOPMATOIZ«3D13.5

FYIE0 FORMATC/ 2" SPECIMEN LENGTH=? vD20.352
HRITS S MOUT 825233
HRITZOMNMOHTY B ?“7?TIBN1X(IBN31Y(IBN)!YCQLC(IBN)1QR:
*WCIBN) s TEN= 1!M) '

POWEL TEST FOR RANDOM DATA

anoOan

JIL1=MCAPT+]
DO 104 Li=1,JJL1

104  N(L1)=0 N
PO 101 Li=54NCAP3
DO 102 1=14M
IFCXCI).GT.K(L1YIGO TO 101
NCLLY=M(L1)+1

102 CONTINUE

101 CONT {MUE
NCA) =0 .
N{NCAP3+1)=M
WRITECNOUT 823824
DO 10& LL1=3,JJL1
TR1C(L1)>=0.0D0
TR2(L1)=0.0D0
TRIC(L1)=0.0D0
TRACL1)=0.0DO
NJCL1)=NCL1)-NCLLi~1)
IF(NJEL13.LT.2)60 TO 108

" A
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(01879

(0188)

(018%)
(G1370)
(0131)
(0192)
(0193
(i24)
(01795

(0198

(0197)
(01922
(01992
(0200)

(QR201)

(0202)
(0203)
COZ04)
(0205)
(02043

Q2073

(0203)
(0Z209)
COZ102
(02117
(0212}
(OZ13y
(0214
(O215)
CO214)
{0217
(0213
COZ19)
COZ20)
(02213
(0222)
(227
(0224
(0225)
(0224)
(0227)
(022:)
(0229
(02303

0231y

(02322
(0233
(0234)
(02353
(02343
(0237)
(02383
(0239}
(0240}
(0241)
(0242)
0247%)

(0244)

(0245)
(0244)
(0247)

oooon

GO TO 109 |
108  WRITECNOUTs88SS2INJI (L1)
GO TO 104

109 CONT IMUE

JIANL=MCLI-1)+1

JIANZ=N(L1)

DO 107 I=JJANL+JJANZ

TRIC(L1II=TR1(L1)+ARES(I)*ARES(I+1)
107 TR2(L1I=TRZ(L1)+ARES(II*ARES(I)
TRILLL)=TRZ(L1) /(DSORT(DBLE(FLOAT (NI CL12-1.22 )
TRACLL)=TR2(L1) /(DSART(DELECFLOATCNJ(LI>—-1.,)/2.3))
L2=L1--4 ' : ‘ - : ' :
WRITEZCNOUT s883330L2»NICL1) yKCL LD » TRICLLY » TRIC(L1Y s TRACLL)
CONT IMUE :

O
o

_WRITE 10 DUTPUT FILE RESULTS.

caooonon«

WRITECMOUT»EE8R21)

RO 1001 R=i4M

. BCUBIC=3PEXP(RI/(X{RY#=3) :

1001 WRITECNMOUTE2230)R«X(RY»SPEXPLRI»BRAD(RY SEX(R)1GCUBIC

2E2E2 FORMAT(/y LIST OF RESIDUES :/, '
*#' POIMT TEMP. DELTA GAP GAP FI
*y?  REQIBUES WIEGHT .7 3

38987 FORMAT(IZSDIS.5)
8286 FORMATC IFATL VALUES=" 113D

[

288rS FORMATC? (RESIDUAL SUM OF SGUARES)/ (NUMEBER OF PDINTS)

' @8824 FORMAT(////+" INTERVAL NO. OF PTS. KNOT ' R
#97 POWEILLL POWELLZ2™ 3 .

38353 FORMATC13,? " 1414D15.5) | N 2

285282 FORMAT O NO POWELL TEST SINCE NO. OF PQINTS IN INTERVAL=’,
*13) -

58221 FORMATC' POINT TEMP THERMAL EXP. 2ND7
*17 TERM CU EXP.’) -

32220 FORMQT(IE!SDIS.S) ) _ '

883797 FORMAT (' N, TEMP  ALPHA ‘ DIFF. IN ALPHA™}

C

Cc

e :

e CALL I[MTERACTIVE GRAFICS ROUTINE TO INTEROGATE FINAL RESUL

c AND CLOSE FILE FOR DATA TO BE HARD COPIED ON CALCOMP.

>

c

c

CALL GRAFIT(MO)
WRITE(71100)
10D FDRMAT('O%)
 REWIND 7
CALL DCOPY

ALGORITHM COMPLETE TERMINATE PROGRAM.

CALL EXIT
END

PROGRAM SIIE: PROCEDURE - 003076 LINKAGE - 000340 STACK - 00003,
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Al bt e s b L

(0248 DOUBLE PRECISION FUNCTION CUEX(B:A)
0249y C '
(02503 C

(0251) C THIS SUBRUUTINE INTEGRATES THE HCOF COPPER EXPANSION DATA OV
(0252) € THE REGUIRED TEMPERATURE RANGE.

023%) C .
(0254) C THE SUBROUTINE USES THE NAGF LIBRARY ROUTINE DO1ACF
£0253) C

(02543 C

0257) IMPLICIT DOUBLE PRECISION(A-H»0O-W)

(0252 EXTERMAL. FUN

(02593 RELAZC=1.0D-10

{02603 ABSACC=0.0

(02461 IFATL.=1

(Q2622 EALL DOIACF (A B:FUN:RELACC;ABSACC:ACC;CUEXstIFAIL)
(02633 RETURN

(02%4) =~ END

PROGRAM SIZE- PROCEDURE - OOOOSA LINKAGE - 000044 STACK - 00003
NO ERRORS .L{(CUEX :FTNLUT4- REVI? .



W T e e . S e ...~ ERTys e i e T R
(0245) ' DOUBLE PRECISION FUNCTION FUN(X)
(02643 C ' : )
(02673 C - -
(0268) C FUNCTION FUN IS A DUMMY ROUTINE REQUIRED BY LIBRARY ROUTINE
(025693 € DBDOLACF.
(02703 C
(0271 C
(0272 . IMPLICIT DOUBLE PRECISIONCA-H0-Z)
(02733 - EXTERMAL ACU
(Q274) FUN=AC LX)
(0275) RETJRN
(02743 END o _
PROGRAM SIZE:  PROCEDURE - 000010 LINKAGE - 000024 STACK = QU0030

NO ERRORE [(FUN PFTNLUTA-REVLITZ.2]
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(0277 DOUBLE PRECISION FUNCTION GAP(AAT?
. €0278) C -
€0279) C
- (0280) C :
(0281 C FUNCTION TO CALCULATE GAP FROM CAPACITANCE FOR GUARD RING
(02823 C PARRALLEL PLATE CAPACITOR. '
0283y C ROUTINE USES NEWTON_RAPHSON TECHNIQUE
0284y ¢ FOR FINDING THE ROOT OF A TRANS. FUNC.
(02853 C S
Q234> C. FeX)=FUNCTION RELATING CAPACITANCE TO GAP.
(0237 G .
{0238) C MAX. NUMRER OF ITERATIONS 1S S0
(0z293 'C REQUIREN ASCURACY=1.0E-12
(290 . C DF(X>=18T DIFF. OF F(X)
(0291) € :
C0Z92Y . ‘ _
S (02T IMPLICIT DOUBLE PRECISION C(A~HsK-Z)>3 INTEGER (IsJ)
CO294) COMMON /B/ AlsAZ2H,AFsI0UTTIIN:AL»AS '
(02953 : EXTEAMAL FiDF o
COZP4) I=0
£AZIT} o AT2=7300,
(0293 C
(02993 C : - ,
(OZO003 £ SUBROUTIME UCALL CALCULATE THE TEMPERATURE DEPENDANT
(0301) €  CONSTANTS REQUIED FOR FUNCTION FLX).
(0302 C : o
(0303 ©
LOI04) . CALL CSUNALLCAT2,4aT)
(OZO&LY 1D Y=F (X0
(03073 I=DF (X 4A
(0303 . XNEW=Y-(Y/1)
COTOP) EPS=DARSCYNEWU=X} /XNEW
(0310} Y=XNEW
(03113 I=I+1
(T2 G
{0313y € . X
(0714) € IF FUNCTIOM DOES NOT COMVERGE IN JUFFICIENT ITERATIONS
S (03T1S3 C  THEN TERMINATE ALGORITHM. :
(0314 C© - '
(03173 G
(0312 IFCI.OT.S0)CALL EXIT
(0319 : IF(EPS.GT.1.0D-12)60 TO 10
(03207 GAP=Y : '
(0321) RETUSN
(0322); END _ . _ S
PROGRAM SIZE: PROCEDURE - 000130 LINKAGE - 000072 STACK — 000034

‘NO ERRDRS [(GAP YFTNLUT4-REVL7.2
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(03233
(03247
(0325)
(03243
(0327
(0322)
(0329}
(033062
(0331)
(0332
[ RRRD
C03EIT4D
CO33IDD
(0T34
CO3IZ73
03383
CO3392
(Q340)
(0341
0342
(024732
(0E44)
(0343
(0344)
PROGRAM SIZIE:

aoooooagooanon

SUBROUTINE CUCALL{BsA)

ROUTINE TO COMPENSATE FOR EXPANSION OF
COPPER ELECTRODES.

USES NAGF LIBRARY RDUTINE DoOiIC

THIS ROUTINE CALCULATES THE CONSTANTS REQUIRED BY FUNCTION F

IMPI.ICIT DOUBLE PRECISION(A-H,O-Z)
COMMON /B/A1sAZ1ATs11+125A4,AF
EXTERNAL CUEX '
C=CUSX (BYA) :
Al=3.14159%A8%A4+{1 . 0~C)#8,85419

CAZ2=3.14139%¥AS/ (A4x {2 .0-00)

AZ=AZ#* CLAS/(2.0%A4= (1. 0~-C))+1.0)

AS=0 . 225A5/46 .3

RETURN

END . : .
PROCEDURE -~ 000114 LINKAGE - 000040 "STACK -~ 000034

NI ERRORS [(CUCALLY FTMLUTA~-REVLIZ .21



(03473
(0343)
(034

(0350)

(03513
(0352)
(0353
(0354
(03533
(0354
Q357
(0352)
(0357
(03603
(034612
(0342
(03463)
(03442
(0I637
(034642
(03IL7D
(03420
(O34
o370
(0371}
{0372
(G37I
CO3743
C0373)
CR03T4)
Q377
L0373
(0379)
(0220
'(0*91)
(OIS2:
(0I233
€O334)
(0I332
(03384&3
03373
(0304

(0339

oG onaoono

F

i7

o
(]

Cooco
(]
1

77776
77777
z24

PROGRAM SIZE:
NO ERRORS L[(ACU  »FTNLUTA-REV17.21

DOUBLE PRECISION FUNCTION ACUCT)

’

THIS FUNGCTION EVALUATES THE EXPANSION COEFFICIENT OF H.C.0.F
COPPER FOR ANY TEMPERATURE 2Z2(T{(300 K USING DATA
ROM KROEGER AND SWENSON(19772.

CIMPLICIT DOUBLE PRECISICN(A-M:0-1)

COMMOM /B/ Al1A2+:A3NOUTsNINIALHAS

A=0.0DO -

IFCT.5T.2.0D0)GA TO 17

CWRITE(NOUT»77777)

IFCT.ST.2.50D1)G0 TO 13 -

ACU=2, 53S07D-10%T+2,66846D-1 1% (T*T*T)

ACU=ACU+T.56435D-15% (T**5)+5.33091D~17%(T**7)

ACU=ACU-S . 23844D-20% (T*#9)+3.£2947D~23% (T**11)

GO T2 '4

CIF(T.GT.5.0D1JGE TO 19

ACU~—S,40 9ID~7+1.17048D=7#T =, 73141 D~ T %T+3. 98470-LOXT#T "
ACU=ACU-S.79623D-12# (T#*4)+2.97174D—14% (T##3)

GO TO 24

IF(T.5T.1.0D2)G0 TR 21

ACU=E . 750746D-b—6 38706074 T+2. 18457D -S4 T4 T-2. 827G30~ 108 T#Tx1
ACU=ACU+1.78247D~12%T# TR T#T~4.25754D~ 154 (T#%5)

60 T3 24

IF(T.5T.3.25D2)G0 fO 22

ACU==3 . 12857D~5+4. 13254D~7#T=2. B0267D~94 T#T+1 . 0F271D=1 1T # T

1.9

ACU=ACU- 7TAZED-1A%TH#T#T*T+1 . 33647D-17% (T#x3)
GO T2 24

WRITS(NOQUT, 777742

G0 TS 24

TEMPZRATURE BUT OF RANMGZ  SAY S50.

FORMAT¢* OUT OF RANGE-TAROVE 325K')
FORMAT(® OUT OF RANGE-BELLOW 2K’
RETURN
END ‘ |
PRICEDURE — 000662  LINKAGE - 000044  STACK - 000044
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(0390) DOUBLE PRECISION FUNCTION F(XsB)

0391y € -

(0392) C

(0393)- C THIS FUNCTION EVALUATES THE DIFFERENCE BETWEEN

(0394> C THE CAPACITANCE CORRESPONDING TO GAP X AND THE ACTUAL
(0395) © CAPACITANCE B
(0394 C ' -

(0397) C - ‘

(0392} ~ IMPLICIT DOUBLE PRECISION(B~Z)s INTEGERCA)

(0399) . COMMON /B/B1+B2yB31A11A2+84+85

(0400) F=B1%t(l.0/X)+(B2/ (X+B3)))-B

(0401 RETURN

(0R02) " END - . =
PROGRAM SIZE:  PROCEDURE — 000036 LINKAGE - 000032 STACK — 000036

 NO ERRORS [(F PFTNLUT4-REVL7 2]
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{0403} DOUBLE PRECISION FUNCTION DF(XsB)

(0404} C

(0405) C

(0404) : .

(04073 C THIS FUNCTION EVALUATES THE FIRST DERIVATIVE
(04083 C OF THE FUNCTION F(XsB).

(0409 C o : .

(0aioy cC

(0411, IMPLICIT DROUBLE PRECISION(B-Z) s INTEGERCA)
{0412 COMMON /B/B1sB21B3,A11A23R41BS

{0413y DFEF==1.0#B1%({1.0/(X#X) )+ (B2/{I(X+BI)x#2)))
(0414) RETURN

(0415 ‘ END _

PROGRAM SIZE:  PROCKEDURE -~ 000050 LINKAGE - Q00032 STACK - 000042

Nf) ERRORS L[ {DF PFTNLUTA-REVLI7.2)
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(04a14) SUBROUTINE CSF (M)
(0417 €
(041%8y C
(0419> C
(0420 C THIS IS AN INTERACTIVE FITTING ROUTINE USING
(0421 € = BETA CUBED SPLINE FUNCTIONS WITH INTERACTIVE GRAFICS.
0422y . . ' ' '
0423y ¢
(0az48) - _ \
(0425 IMPLICIT DOUUBLE PRECISIDN (A-FsH:Ks0-Q+5-Y2,
(04243 *INTESERCI+JsLsMsNsR) ’
L0427 *3s REAL L) :
(0428 - COMMONM /R/ IVT ' : |
(0427} COMMAOM /A7 NCAP7 K({100):C(100)sIFAILNCAP>SSySDASH4)
(0430} COMMOM /T/X (2500 1Y (250 s W(250)
(0AZ1) #AGRAD(ZS50)Y yD(250) 15PEXP(250) »ARES (2501 1 YCALC (2500 »
(0432 FWORK2 €200 » WORKZ (4, 1001, TR(A» S0y XEX (250 ySPLIYLSET
(0433 *18PLZ '
(OAZ4) S COMMOM /27 GX16S00)GY1(S00)1NV1+NS1,
(04TS) #GXS1 2503 +GYS1(250) s ICURGMA»GMI» IW 1YY IDEV
(0434} EXTEANMAL ACY
(0437 C -
(0433 C : o _ )
(04393 C CINITIALISE FITTING PARAMETERS AND CALCULATE COPPER EXPANSION
0440y ¢ COEFFICIENTS.
(0adiy C- :
(0442 C
(DA4Z) NCAP=1
0444y - URITZ (L +10)
(04453 10 FORMAT O FITTING ROUTINE® 7/
COaa%L) ~%'PLOT RAW GAP DATA FIRST)
(0A47) DO 1% 1:=1+M
(0443 17 XEX CDp=ACUIX I
(08493 €
(0450)  C . '
(04a%1y ¢ CALL nNa0F LIBRARY ROUTINE EOZBAF TO EVALUATE SPLINE.
(0452y C
L0453 C _
(0454 20 NCAPZ=HCAP+2
(0455) NCAPI=NCAP+3
(0454) NCAP7=NCAP+7
(0457 - IFAIL=0 '
(0453) - CALL EORBAF(MsNCAP71X1Y U1 WORKI
(0459 . . *WORK2:(CsSSyIFAIL)
(04560) " IFCIFALL.ER.0XGO TO 30
(D4461) WRITE (1+1S02IFAIL
(0442) 150  FORMAT(’ERROR IN EO2BAF:IFAIL= *»I3)
0463y C ' :
(0464) C _ , ' '
(0453) C EVALUATE THE FIT USING NAGF ROUTINE EO2BCF:
(0464) C CALCULATE THE FIT,»RESIDUALS, DERIVATIVE QF FIT
(0447) C AND EXPANSION COEFFICIENT,
(0464683 C - '
(044693 C -
(0470 30 DO 83 I=1+M
(0471) IFAIL=0
(0472) NCAPA=NCAP+4
(04773) IFCX(1).GT.K(NCAP4))GO TO 31
(0474) IL=0
(0475) CALL. €02BCF (NCAP7sKsC1X(I)sIL1SDASHY IFAIL)
(0474) YCALC(I)=SDASHC(1)

(0477 ARES YI)=YCALC(I)-Y(I)
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Q4753

(oa7?)

(04300
£04ant)
Q432>
(04832
(04243
o423

(0AR4)

(0437)
{0435
(OADT
(a0
L0A9L)
(0472)
(0493
(0474
{0475
(04743
L04?7)
(0475
(0aA77)
C(OS00)

COTO1

(05043
(05032
(030482
€0503)
(0504)
L0507
LO3E0S)

(OE0%Y

L0S10)
(05115
(0512)
(05133
(0514)
(0515}
(05143
{05173
(0519}
(0519
(0520
(OS521)

(0522)

(0523
(0524)
COD2Z3)

(035243

(05273
(03522

- (0529

o530
(0331)
(0532)
(03332

PROGRAM SI1ZE:

WOYOSOG0

Lot =]

COoOGooO

31

P

[}

oGoaGooe

95

~
a2

AGRAD(T)=SDASH(2) /SPL1
SPEXP(1)=(SPL2/1.0D10)*XEX(I)=AGRAD (D)

GO TO

hl..

IF ERROR IS5 FOUND SAY S4.

WRITZ{1sII)IsXCLYsNCAP7 1K (NCAPA)
FORMAT(*ERROR I=" 13/

*#3%X7

RUE»="4D20.8/

#SX VT NCAPT=" 2 13/
#¥PHONCAPAX="  D20.3)
YCALCLIdY=Y (I
ARESCY)=0.0

CONTI

INPUT

WREIT:Z

#? TYPZ
%' TYPZ

READ:

NUE

f1.91)
FORMAT( WHAT DO YOU WANT TO PLOT'//

1 FOR RESIDUALS'/

2 FOR GAPT/
¥’ TYP: % FOR EXPANSION CDEFFICIENT 3

#3TJB

AEMUIRED Y-AXIS FOR PLOTTING RDUTINE

CALL INTERACTIVE PLOTTING ROUTINE.

Co T3
IVT=T
CALL
GO TO
IVT=2

R39S s 1T

94

GRAFIT(MHZD

CALLL SRAFITIMID)

GO T3
I¥YT=4
CALL

INTERIGATE

WRITS

"READC

4

GRAFIT(M.4)

“

1213
FORMAT(' IF FIT IS SUFFICIENT AND YOU WISH TO 7 »
*"RETURN TYPE 1'/ .

*¥*IF FIT IS INSUFFICIENT
*#"IF YOU WISH TO FINISH TYPE 27)

1ow

I

IFC(I.EQ,.1XRETURN
IF(I.2a.

GO TO
END

ND ERRORS [(CSF

20

2)CALL EXIT

PROCENURE ~ 001016

PETNLUTA-REVL7.21

IF FURTHER ATTEMPT AT FIT IS REGUIRED.

AND YOU WISH TD CHANGE FIT TYPE

0/

LINKAGE -~ 000140 STACK - 000032



T 147

05343
LOS3ID)
(03352
(05373
{0332
(D3B3
C0540)
S LOS41)
COTAD?
C0oaz>
(05484
LOT45:
L0544
COS473
(05432
0949
COS30
CO55is
(0TS
BTy

OS54

(05533
(OS5LY
COTTT
{OEER)

(OS5 .

(OSAD)
COSALY
COL&A2
(OSLT:
COHLT N

(OS4L5
L0566

L0S6T
CDSAS)
CDSAD:
COB703
L5713
(OS572:
COS733
(0574
(O373>
(OS742
COS772

(05783 .
(05793

(0SB0
(05513
(0522)
(0583
(0534

(0585)
C0584)

0537)
(0585)

. (058

L0370
(05713
(0592)
(0527%)
(05943
(03757

ConOoooac

oy
LW ]

]

GOGOGOGON

10

“Ooaoaooaoa

a0

SUBRQUTINE GRAFIT(MsNY?

THIS hDUIINE AND THE RDUTINE GRAFIC PROVIDE THE
INTERACTIVE GRAFICS PACKAGE.

ROUTIME GRAFIT PROVIDES DATA REQUIRED FGR
DEVICE 7T fFLOT GRAPH AND GRAFIC DRANS THIE GRAPH
ON THS NOMINATED TERMINAL.

IMPLICYLT COUBLE PRECISION{(A2ED

CoMil 78/ NCAPZ7 AK(100)ACCL100) y IFAIL +NCAPASSE1ASDASH (4
COMMSMN /f/ APLOT(25012) 1AWORKL (200) y AUORK2¢4 1, 100}
yATR LAY S0 yAEXCR250) sASBPLLISLSETsASPLZ

CoOMMIM ARALYT

COMMDON /27 XRESLD00)+YREB(300) sNVALINSYM
X GYM 230 YSYMOZS0) s ICUR XMAX s XMINy IW: LY NDEV
FORGMAT O D0 YOU WISH TS PLOT THE SAME ORDIMNATE AGARINT/
#PTYPL L FOR YERT)

HY TN=G

TCUR="

TH=1

IFON- SR GINY IN=1

AR =48R 0T IMe 1)

YNIN“&ilB"flql)

IF LM~ CEQLIINY=0

IF Y-53 05 HAS NOT ALREADY TEEN NOMINATED ASK

MHICH »-aXi8 REGUIRED.
TFCMY N 360 TO 15
ICUR =
IW=0

WRITZ L4 |
FORMAT ¢ PLOTTING ROUTINE® ///
** INPUT HEQUIRED YAXIS™/
*’ 1=CAPACITANCE" /
®? Z=GAPY 7
*? I=F ITTED GAP WITH DATA INCLUDED’ /
%’ 4=RITIDUALS’ /
*’ S=E4P. LOEF.”)
READ! 1 s #3NY
IYT=NY
NSYM=(;
IMIN=C

L]

IMAX =

IY=Nv+1

FIND MAXIMUM AND MINIMUM LIMITS OF X-AXIS

DO 4 I=iM
IFLIMINGNE.OXGO TU 33
IZCAPLOT(I+1) JGE.XMINI IMIN=]
IFCIMAX.NE.O)GO TO &0
IFCAPLOT (I 1) .GE, XMAXIIMAX=]

CONT IMUE

NVAL=IMAX-IMIN



(0594)  C

(05397) - ' :
(0598) C LOAD REQUIRED X AND Y AXES INTD PLOTTING ARAYS.
(0S99) © :

(D&OBY C

(06012 DO Sir 1=7sNVAL

(0&02) I1=]1+IMIN

(0603) ‘ ““M(I)~APL0T<I1,1)

(04043 5O CONT [NUE

(06053 : IFLN’.EU,S)GD TO &0

(0404} IF(NY .20 .1INP=5

Q607 TFCNY. LU.:)NP 2

(0602) IFINY.ER.4)NP=7

(0609 IFCNY . EG.SINP=4

(0610) DO 70 =i yNVAL

(06113 ' I‘—1p!MIN

(0612 : SYMOY ) =APLOT(I1 NP

(06133 70 CDNT. Hila

(06142 NSYM=nynlL,

(N61F) CNVAL =

(0614 GO T 9C

(OLLI7Y  AD DO 73 it MVAL

(0619 ‘ TomiMInN+]

(06193 YIVMOLY=APLOTC(I1+2)

(N&203 75 CONT InUE

(0L21D EX=CMay~XMIN) /500,

COLE2Y O

(0623 C

(0624 € CALCL.ATE CATA FOR FITED GAP F£LOT IF RERUIRED.
(OLZSy ‘

Q6263

(D627 DO 27 1=41500

(0423 Xz !‘f"XMIN+EX*FLDAT(I)

(06293 AxR=DBLE (XRES (L)) _
(06303 IFCAXR, DEJAKINCAP7) IWRITEC(Ly3S&)AXRIAKNCARTY
(DATLY 254 FORN&TV’FFRUR GRAFIT X='sD20.4&/

(0632 %7 A CNCAPT7) =" yD20.4) ' )
(0633 IFCAAR.GE.QK(NCAP?)JGD TQ 357

(0&34) IFCAXR. LT AK(1) JAXR=AK(1)

(OLES) IL=0 ' —

A Cal.i. FO2BBF(NCAP7+AK1ACIAXRIAFITHIFAIL)
(0&3I7> 357 YRESTII=AFIT '

(0632 8BS CONT TNl

(0639 NSYM=nNVAL,

(Q640) NVAL =500

(08413, C

(0&42Y © -

(0643 PLOT 3ZRAF

(0644 C -

(0645 ©

(0&4L) 90 CALL 3RAFIC

(0&47) G -

(0643) . C ‘

(06493 C DECIDZ IF MDDIFIED PLOT REQUIRED.CALCULATE FIT PARAMETERS
(0650) U IF IT (8 SG.

(0651) C '

(0&52) €

(0653 WRITZ(1+%3

(06543 READ{ 1 +%3NCON

(0655} IF(NZON.EG.OQ)RETURN

(0654) CALL 2SF2OM)

(0&57) GO T3 2
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COL59)
(0&ALDS
(O6LLD
(06422
COLETD
(QLL4)
(0ALT)
(OLELY
(OL6LTS
(OLAES
COLLEDS
COL702
COL713
COLTRS
(OLT733
(OL7A%

(0673

COLTES
COLTTS
COLT S
COLTR)
fOLB0Y
{0631}
(OLED
[O62T)
COLESE)
COLES:
(OA5E
{Dlj?‘
IU/ 93
COL20S
(D673
AR
COLRE:
LOAT4)
COLTT:
COAEDE)
C0L?T:
(OLTS:
(0L
L0700
Lo7013%
CO702%
CO70%:

(07043

(O705:
L0708
CO7073%
(708
t070%;
- (07102
(07113
07123
(07133
(07143
(07152
CO7142
(07173
(07153
(07132
{07203

n0O0OGa

Toononn

301

[ B i I o A

o=

2
10

15
20

 SUBROUT IHE GRAFIC
THIS 30UTINE PLOTS THE GRAF SET UP IN RUUTINE GRAFIT

IMPLICIT DOUBLE PRECISION €Z) :

COMMION /8/ NCAP7,ZK(10D0)12CC100)IFAILINCAP+1ZS5+ ZISDASH(4)
COMMIN /27 XRO3DOI+YRLSQQ) !NVAL;N‘?YN! X8L2303 2, ¥Y5(250) '
*sICUH!XHM\!XMIN!IN!IY!NQEV

COMMIN SRIIYT

EXTE-«N nl. PEARS

CALL S5IND LIBRARY ROUTINE FOR REQUIRED DEVICE

B0 T30 -302:303,308) s NDREY
Calil. TREND.

GO T2 144

CCALL YaoLs

60 TZ o4

QAL 0400

G0 TO 304

CALL 535480

CONT InLEZ

INTAL ZE5E WinDOW AND CURSOR PARAMETERS.

CCALL wlinNpouc2)
CALL LUREEF (AHXYZO* .

CALCULATE FOSITION AND SCALES FOR AXES.

YXBEG=0 42
YYBEI=-0 .05
VXEND=0.0
VYEND=0 .,
IF(NEYM.EQ.OXGD TO 10
VXBED=Y5E01)
VYBEG=YSL1)
DO 5 [=13sNSYM. _
IFCKSOLY LT VXBEGYVXBEG=X5(1)
IFELYSCT) LLTLWVYBEGIVYBEG=YS(I>
IFCXSLY 2T VXENDYVXEND=XS(I}
IFCYSOT)» . GT.VYEND) VYEND=YS(1}
CONT ENUE o
IFCNVAL LEQ,.0)GO TO 20
DO 135 I=1 NVAL
CIFOYROD) JLLTWVXBEGIVXBEG=XR(1)
CIFCXROI) LBT.VXENDIVXEND=XRL{I)
IFCYR{I).LT.VYBEGIVYBEG=YR(I)
IFLYRCID) .GT.VYENDIVYEND=YR(I)
CONT I MUE
IF(IXSALL.NE.1)IXSCAL=4
IYsSCal.=1
CALCULATE NO. OF INTERVALS
AXINTE=AINT(((VXEND-VXBEGY/S.)+1.,}



(07213
(o722

L0723
(07243
Q72353
CO724:
Q7273
(O728%
CO729)
(7303
t0731s
(0732

LO73X:
COT7T8
LO7I5:
Q73452
L7357
LO73E58:
COT7I9
L7480
(O7413
LO742%
C743%%

L7448 .

(D745
CO7A%}
(Q747%
COT7AS:
COT749:
CO750;
(0751
(752
(O757%;
(07541
L0753
{07342
(0757
(07358
(0759
(Q7503
(O76LL
CO74Z

(07575
(D744
(O74L5%
L0764
(O7&73
(07433
(D767}
(07703
CO7713
0772}
(O777%3
(07743
(07735}

07Ty

Q7773
(0772%
CO77%2)
(07202
{0721
Q732

F102

1107

1104

1103

c

oOaOaon

NXINTS=IFIXCAXINTS)
AXIS=VYEND-VYBEG ‘
IFCAXIS.GT7.1.0)60-TO 202
AXIS =AXIE*1Q0.

GO TO 201
IFLAXIS.LT.20,2G0 TO 203
AXIS=AXI5*0.2

GO T 202
NYINTS~IFIX{AXIS)
IFCHNYVINTSE.GT.0X60 TO 212
WRITE (L 2E33NYINTS
FORMATC ERROR MNYINTS= 's13)
NYINTS:=10

CONT IMUF
IFCVYYRFG.LLE.Q.Q3G0 TO 214
IFCNSYM.EQ.0)G0 TO 215
IFCIVYT,.ER.SXGO T 218

DO 214 IRN=1+NSYM

SYSCIEM) =YSCIBN)-VYBEG

IFCNVALLER.OIGO TD 217

DO 213 [RN=1J NVAL
YRUISMY=YRCIBN)-YYREG:
VYENDZ=VYEMD-VYBEG

VYBEG=0.,O

ICROZZ=0 _ :

IF(VABEG LT 0. ORWVYBEG.LLT. QX ICROES =1

CLEAR PICTURE AREA»
CHANGS PEN COLOUR IF POSSIBLE AND
DRAW AXES. :

IFCHNOEY . EQ.1OB0 TO 3412

Call. PILOLE

IFCNOEV.ESQ.A)CALL PENESELC(1IS+0.040)

GO TO (11901411025 2102:11034110402+1IYT

CALL AXIPLOCICROSS10.10.5I1XSCALI[YSCAL
#NYXINTS e NYINTS«VXBEG: VXEND + VYBEG s VYEND
*¥' TEMPERATURE? + 11 +" CAPACITANCE™ 211

GO TGO 1103 .

CaLl AXIPLOCICRASS 0. 10y IXSCALYIYSCAL,
ANLINTSSMYINTS s VXBEGsVXENDVYRBEG s VYEND,
** TEMPERATURE® + 114" DELTA AP’ »?)

G0 TO 13165 . ‘ :

CALL AYIPLOCICROSS0.v0.1IXSCALIYSCAL,
*NXINTS MYINTS 1 VEBEGyVXEND ' VYBEG + VYEND
*' TEMPERATURE? 211+ RESIDUALS" +23

GO T 1108

CALL AYIPLOCICROSS0.20. v IXSCAL s IYSCAL,
*NXINTS«MYINTSYVXBEGVXENDsVYBEG»VYEND,
*#' TEMPERATIURE v 11+ EXP. CDEF.? 110}
CCONTIMUE :

CALL AXIDRA(=24+0.2) '

IF THERE ARE ANY INTERIOR KNOTS
CHANGE PEN COLOUR IF POSSIBLE AND

DRAW DOTTED LINE IN RERQUIRED POSITION.

CALL AXIDRA(Z2:104 1)
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(0783)
(0734)

(0735%

(073243

S LO7BT7

(0738}
(07393
(07903

NOYAED
(07923
(O7935:
(07943
(0795
(07943
(0797}
(0798
(07993
COS00:
[OD0LY
COBOR ¥
(OSOT
LOB0A

Co®masy

(OE0NET
LOROT7
COEGS:
ISP
COBLo:
(02113
(02123
COBLS:
(0214
fO815)
CQB146;
CO217:
COR1S>
C0R19:
(OR203
rnsﬂ;\

D322

COS:J}
coR243
(0225}
LOB242
L0827

(08283
(DB29) -

(D230
(023213
(0832
COB33%)
(03343
L0835
(DB3Z&2
{08373
(:Ol.‘)u" )
o (03329}
T 02403
(041>
(0B42)
(02487}
(0844)

o
2
o~

an
g
c
)

- B

{

iy
i

4011

402

a40%

ana
a0s
a0&

407

402
a0
410
a1l

NCAPI=MCAP+3

IFCNCAP .EQ.0.0R.NCAP.EQ.1)G0 TO 117
CALL BROKENC1)

IF CNDEY.EQ.4)CALL PENSEL(110.0,0)
DO 134 IRN=S.NCAP3

XB=ZKUIBN}

IFCXB8.6T.VXEND)GD TO 134

CALL GRAMOV(XB2VYBEG) -

CALL URHEEN(X81VYEND)

CONT [ MU

CALL 2ROKENCO)

PLOT 4 a7 (X Y) COORDINATES OF POINTS

IF CNSYM. £0.0360 TO 30
IFCNOEY.EQ.4)CALL PENSEL(3:0.0+0}

"IF CuURVE THROUGH FITTED POINTS RERUIREDR
CHANGE PN COLOUR AND DRAW IT. :

. CALL BRASYM(XS1YSyNSYM1410)

IFCNVALLER.OIGO TO 40

IFONSEY,ER.4)CALL PENSEL (2+D.0507
T CALL JRPPFL(XRvYR1NVAL}

CaLE ﬂHPFPSfI v1.2

CIF IT {8 REQUIRED TO PLOT A HARD COPY OF THE SRAPH JUST

QUTPUT PLOTTING PARAMETERS TO A FILE.

WRITS14a3) : : g
FORMAT (' 30 YOU WANT A HARD COPY’ +2X»' TYPE 1 FOR YES':
READ{ 1«3 IJR ’
IFCIJB.NE.1)GO TO 66

WRITE(7,401)

FORMAT (' 1)

WRITELT aD“)ICRDSSsIXSCAL’IYSCALrNXINTS:NYINTSs
*VXBES VXEND ' WYBEGYVYEND

WRITE(7 44033 IYT

FORMAT(SIT 4E12.5)

WRITE(7+403INCAP

FORMAT (12} "

IF(NCAP,LLT.2)G0 TD 404

DO 404 1JE=54NCAP3

XK=ZK (1B}

WRITE(7+405) XK

CONT [MNUE

FORMAT(E12.9)

WRITEC71407INSYM _

FORMAT (L3} : -
IF(NSYM.ER.0)G0 TO 410 .

DO 402 IJB=14NSYM

WRITSI741409)XS(IIBY 1 YSCIJIB)

FORMAT({2E12.5)

WRITE(7+411)YNVAL

FORMAT (1%}

IFCNVAL.EQ.0)G0 TO 414

CaMP



(03497
LQR44AY
(ORA473
(0RAS:

COGa%: .
LOBE0Y -

CORSLY
Ou"\r"\ 't
CORZTY
CORGAY
(0E5BS)
LORSL
(ORST)
(NRS5SY
(0259
(OBAG)
(0861
(O2&2Y
(DRLAT:
LOBAA}
(ORAS
{OBLLY
(OBLT}
COBEES
(O84T}
COSTON
LSBT
O3
COB7T:
CORT74%
COB75:
(OBRT7ES
(O377:%
(U878
{OR7D
QER0Gs
INICI=R
‘ro S22
L.IJJ)
(ﬂdaq)
(0225}
CORBLES
(O2I27}
(o332}

(0839

LOB9G:
{03213
(0872}
(027353
t0a94}
- (OB375)
COB943
(0827}
Oz72)
(0392
(09003
(09013
(0902}
(02033
(0904}
(0033
(0904}

o A412

413
414

cocon

o~
=

Oa0Goo0n

G

£
e
£
£

[
v

LH4

aocoGcooea
[y

-t

DO 412 I.JB=1,NVAL
WRITE(L/+A13)XXRCITIB) 1+ YR(IJIB)
FORMAT(RELZ.S)

CONT [NUIZ

IFCICUR.EG.OXGO TO 41

CALL CHAPES(1.11.)

CHANGE FITTING PARAMETERS AND SCALE FACTORS.

WRITC Y 11:&-?.)

Fﬂﬁﬁii( TYPE 1 OIF YQOU WISH TO CHANGE KNOQTS™)
READ 7., %XIJB ' :
IrlIfB NQ-i)GD TO 41

ORRELATION COEFFICIENT

CALCULNATE PEARSON COR
OF THE VALUE gF FIT

TO C274¥N A MEASURE
ALREDY D2 TAINED.

CPCI=2ENRSCXS1YSYNSYHD

WRITEC],42)PCY

FORMAT ¢ PEARBON CORRELATIONM COEFF. ='s£:12.
WRITE ;4T '

[y
-2
[

USE CuRrsiis {IF AVAILAELE ONM PLOTTING REVISED
T INPUT.ZELETE OR OPTIMISE KNOT POSITIONS.

FORM&T O VYPE X TO READ POSITION ¥ TO COMTINUET®/
#'OR I Y0 CDELETE'/

#0072 T INPUT KNDT THEN QPTIMISE!

IFCHIEV ORE QALY CURbDR(;LDMaXFRvYBR)

CALL SPRERACXGRIYGRI XSS/ YES)
XGER=xXZE
IFCquH.;E.E)GG TG 41
IFCICON.ER.3)CALEL KDEL C(VYBEG:VYYEND» XGRyNDEV)
IFCICDM.EQ,.3)060 TO &8
CaLL AiHi?YBE61VYENDinRsNDEV)

' r

CWRITENL 44582 XGR

FORMAT (T #OSITION QF CURSDQ IS X=",E12.5)

I<¥ REGUIRED (ICOM = 4) USE NAGF. ROUTINE ER4JAF TO
O0TIMIGE POSITION OF KNOTS TO FIND A LOCAL MINIMUM
It THE TOTAL MEAN SQUARE ERROR IN FIT.

IFCICOM.EG.A)CALL OPTHIZ(VXBEGVXEND«VYBEGIVYENDNBEV)
GO TO 48
HRITE (1:31)

IF ZCAlE CHANGE REQUIRED THEN DO SO

FORMAT(* DO YOU WISH TO CHANGE SCALE’ »
*7 1 TYPE © FOR NQ")
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{0907 - READ t(§+%)IJB
(0902} IFCIJB.ER.D0XGO TO 52
£0902) . WRITEL1+959) _
(0910 59 FORMAT ¢ TYPE X TO INPUT CURSOR POSITION ',
(09113 *' INPUT MIN THEN MAX POSITIONS') '
(012 ' IF(NDEV.NE.1)CALL CURSOR{(ICOMyXMINYYGR)

T 0913 : CALL SPABRACYXMINLYGRYXS5:YSS)
(0914 XMIN=XSS o
(09153 IF CNDEV.NE, 1)CALL CURSORCICOM» XMAX+YGR)
(02143 CALL SPAGRACXMAXYGR1XSS:YSS)
CO9L7) . XMAX=KES
o918y TFCXMIML T ZRK LY D XMINS=ZKCL)
(0919 IFCXMAN . GT.ZKINCAP7) Y XMAX=ZK (NCAPT)
(D920}  S2 WRITE(! +33) _
(0921 83 FORMAT (T30 YDU WISH TO CHANGE X-AXIS SCALE TYPE?
(D922 © %y'TYPE L FOR YES™)
(092T) READCL:#}IJB
(0924) ' IXSCAL~a
(D925 CIFCTISE, S, 1) IXSCAL=1
(09243 IFCINLGERCIICALL WEIGHT(VXEND?

(02T % CAlL PIDECLE
(028 . 0 i

(o92ex o

(0930 € HBRAPH COMPLETED TERMINATE DEWVICE

(09313 C

(09323 G

COPIT3 ' CALL OEVEND

(09743 RETURH

(09353 END _
PROGRAM SIZE:  PROCEDURE - 0D0IN00 LINKAGE - 000244 STACK - 000LTI

NG ERRORS C(GRAFIC: FYNLUTL-REVIZ.Z2]



;-...xJu.T.S!r-_;_m’_;.iJ..,(;-.,.-—'.'.' i e e e e

(0934) SUBROIUT INE C1INCI)
0937y C

(0932) C

(0939 € SUBROUTINE TI1IN IS A DUMMY ROUTINE TO. COMPENSATE

{0940 € FOR AN ERROR FOUND IN THE GRAPHICS LIBRARY ROUTINES.

£0941) © : o

0942y 6 _ '

(094> CALL TLINCID

(09443 _ RETU=RNM

(0945) ‘ END ,

PROGRAM SIZE: - PROCEDURE - 000006 LINKAGE ~ 000022 STACK ~ 000030

.NO ERRORS [L[{CIIN FTMLUT4-REVI7.Z



25

(0944)
(09473
- (094%)
(0949)
(090}
(0951
(09523
(09573
(0954}
(0955}
(0954}
CO9G7
(09ER}
(09593
(09403
COFL1)
(0762
(0T8T
(0944
(0945}
(09bAS
(0947
(0968
(094
COFTO
(09713

OO0

»

G

oo

PROGRAM S
N ERRORE [(PEARS YFINMLUTA-REVLIT7.Z]

FUNCTION PEARS(X YN}

DIMENSION X{(250).,Y(230)
SX=0..
SY=0.
SXY¥=0D

SX2=3.,
SY2=,

DO 1 i=1N
SX=8SX+X (I}
BY=8Y+Y¥ (I}
SXy= b)Y+KII)*YII)
SX2=SX2+XLI)#*X (L)
SY2=SY+¥{Ii#Y(I)
-CONT INUIEE

PEARS =FLOAT(NI#S5XY-SX*5Y
PEARS=PEARS/ (SARTC(FLOAT (N #8X2
#FLOATINY *8YZ-8Y * SY)))

RETURM
END
PROCHENDURE - 000174

LINKAGE, - 000040

THIS FUNCTION CALCULATES THE PEARSON CORRELATION
COEFFICIENMT TO GIVE A MEASURE OF THE QUALITY
OF THE FIT

20044



LO0972)
(O97%:
(0974}
(09733
(09743
COQ773
COI733
(D979}
(OI203
(0931
(O9E2:
O3>
CO924)
(OYE33
023242
(0I7>
COPRE:
9392
CDPPG
COY9PL s
COPIR2
CO9PT3
CO924 s
(0995
COPP4:
o997 s
CO998E:
(OIS

(100G

Clo0otLs
(10023
10033
(10043
(1005
(100&:
C1007:

PROGRAM SIZE:

L
G

aaGaoon

Iy

SRR

SUBROUTINE KCHCYBi1YE»XsNDEV)

SUBROUTINE TO INSERT KNOT READ BY CURSOR INTO

KNCT L1S8T IN STRICTLY ACCENDING DRDER IN
TEMPERATURE.

IMPLECTT DUUBLE PRECISION(KHICHS)

coMMonM /A NCRP?:K(IOD)rC(IOD)vIFAILrNCAPvSStSDASHlﬂ)

8X= DBLFF?B

CALt. BROKENC(L)

IFCNOEY . ER. 4 CALL. PENEEL(dvD 00}
CALL ORAMOVIX.YBD

CALL GRALINC(XYE)

Catl BROKENCO)

NCAPA=NLAP+4

IHIGH=0

DO 14 L=4+NCAPA

IFCKCLY LY. 8X ILOW=1
IFCIHIGH NELOXGO TO 10
IFCREL ) BELSX) IHIGH=1
CONT Inyk
J=IHIGH-ILOW -
IFCT.AE,IYWRITELL 2037
FORMAT (P ERROR IN KNOTSs IHIGH—-ILOW=" 13}
NCAP=MIMAP+1
DO S0 I=IHIGHNCAPY
J=NCAR/+THIGH-I
J2=J+1
KOF2i=K{T)
CONT LTl
ROIHIGHY =EX
NCAP7=NCAP+7
RETURM
END
PROCEDLIRE — DL0232 LINKAGE — 000044

-

NO ERRORS C[(KCH JEFTNLUTA-REV1I7Z.2]

ETACK -

O0O0AD
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(10052
(1002 C
(10102 [
(1011 C
(1012 ¢C
(1013 ©
(1014 €
(10153
(1014}
10173
c10i8
£1019:
(L0203}
(10213
ClOo22y 10
{1023
(10247 20
(10232
10248
CLOR7 X
L1023
(10293

W

- (10305

(10313
(10323
(1033}
C1024>
10753
(1034}
1037y 30
(10783
(1059
(1040 40
(1041
(104%) :
PROGRAM SIZE:

SUBROUTINE KDEL(YB1YEX1NDEV)

SUBROUTINE TD REMOVE NEAREST KNOT ABOVE CURSGR POSITION
FROM KNMAT LIST AND MAINTAIN STRICTLY ACCENDING DRDER.

IMPLICTT DOUBLE PRECISION(K+CHy»8) -

COMMOM /&4 NCAP7 K(100)CC100) s IFAIL'NCAP»S5SaSDACBH 4D
SX=DELLE (X}

IFCNCAP Ne.1)G0 TO 10

- WRITE (1+3)NCAP

FORMAT (> £ERROR IN DELETE«NUMBER 0OF INTERALS='.13)
RETHRM ' :

NCAPAd=NEAP+4

DO 21 I-=4+NEAPE

IFROYY.LT.SX2ILOW=I

T=FL2W+1

XB=K"1)

CaLtl SRAKENCO)

'IFCNQEU.EE.S.DR.NDEV.EQ.&)CALL‘PENSEL(IvD.Oaﬁ}

CALL SRAMOV(XELYB)
CALL ORALINCXBIYED
IFCNIEY . EQ.J.0R.NDEV.EQ.AICALL PENSEL(I Q.00
MCAP=MNOAP~1
NCAPT=NCHEP+T7
DO Z9 J=1a2NCART
Ma=J+ .
KCIy=m (M
CONT IMLE
M=NCARPT7+1
DO 4% 1=My100
KCIy=0,aR0
RETURM
END ‘ :
PRACENYURE ~ 000264 LINKAGE - 000070 STACK - 00042

N3 ERRORE [(KDEL FTHLUT4-REV17.Z2]



558

(1043%)

(1044)

. (1eas

(10443
(10473
(1042}
(104'2)
(1050}
(10%1)
CLO32)
(1033
C10548})
(1085
(1054}
(1057}
C10595)
(10592
CLQAL0}
1041
(104623
(10AZ:
(10443

L L10&S)

C104L:
(104673
(10483
L1069

(107833

(L0713

L1072
C107%:
(1074}
(10753
(1074%
C1077;

PROGRAM

Oaaoagoan

0
10

30

40

gIze:

 SUBROUTINE WEIGHT(X)

SUEBRJUTINE TO CHANGE WEIGHT FACTOR OF ANY POINTS
BETWEEM L.IMITS IMPOSED BY CURSOR INPUT,

IMPLICYT DOUBLE PRECISION(A)
COMMOM /C/AX(ZS0)Y s AY (250 s AW(2S0) »

- *AGRC2TG)Y 1AD(250) yASP (2502 sARES(250) yAYC (250D

FAWL (200 ANZ (441000 ATCASSOY yAEC2ZS50)Y sASPLEWLEET
*#4 ASPLD

COMMSN FsM

WRITECL 13D

FORMAT ' 2O YOU WISH TO MODIFY WEIGHT FACTDRS'I
#*TYPZ L FOR YES')

READCI s%3 [

IFCE .M, 1 YRETURHN

WRITEC 20,

FORMAT ¢ THPUT RANGE 70 BE MODIFIED USING CURSOR™/
#? AND TYFING X TO READ+LOWER VALUE FIRST')»
IFCNDEY .MNEVIICALLL CURSCR(OICOMyXS1:Y51

CCALL SPASRACXSIYSL1XG1YGL)

IFIHDEY, NE., 1)CHLL CURSORCICOM, X582 VY522

CALL SPAGHACXSZPYER»XG2.¥YG3E

COWRITZI1.30)

FORMAT * NOW  READ NEW HWEIGHT FACTOR? )
REARCL:+#3ADIN

AXGLI=XG1

ARGE=X0x

DO 40 I=1+M .

IFCAXCI) J5T.AXGL.AND . AXCI) .LT.AXG2YAWCI) =ADIN
COMTINUE

GO T 50

END

PROCEDLURE — 0020345 LINKAGE - 0200104 STACK — Q400322
NO ERRORE [{(WEIGHT)FTHNLUT4~-REV17.2]
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cor b i e b L

(1073
(L0799
(1080)
(1081)
(1082}
(108>
(1084}
(1085>
£10843
C10B73
(10383)
(1089
1090}
(1091
(10923
(1093
10943
(1095
(10943
(10773
L1099
(1079}
1100}
(11013
(11023
(11033

C (11043
PROGRAM

G

»

G
[

517e:

SUBROUTINE CSF2(M)

SECOND FITTING ROUTINE TO CALCULATE FIT WHEN
NECESARY DURING INTERACTIVE FITTING ROUTINE.

IMPLICIT COUBLE PRECISIONCA-FsHiK+O-@18=Y3»
*INTEGERCI 1+ JrLaMaNaRY

COMMON ZA/NCAP7+KC100)YsC(100) 1 IFAIL'NCAP+85SDASH(4)
COMMOM /5/X(2503:Y (2500 W (2507 yAG(250)+D(250)+85P(250},
#ARC2S0) s YC (250 s W1 (20071 W2CA45100) v TR(4150) sEXC250)18PL1
*ySPLZ :
¥ LSET

NCAP7=N(CAP+7

IFAIL=0

CALL EORBAF(MINCAP7 i X+ Y WsK W1 sW2:C185 1 IFAIL?

DO 82 {=11M _ ‘
SIL=0 . '

CALL COZRCFINCAP7 Ks»CyX(IdsILySDASHYIFAIL)
YCCI3=8PASH(1) '

ARCIY=YCLId-Y (DD

AGLI=SRASH(2) /SPILL :
SPCIY=(8PL2/1.0D1O)#EX¢TI~AGCT)

CONT INUK

- RETLIRM

END . : _
PROCEDURE ~ 000144 LINKAGE - 000104 STACK - 000032

NO ERRORE [A(CSF2 »FTNLUTA-REVLIT .21
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C -

11053
(11043
(11073
1108}
(11093
(11103
r11113
(1112
(11133
(1114}
(11153
(11143
(1117
(1118}
(11193
(11203
(11213
11223
(1127

(11243
(1125
(11243
(1127
(1128
(L1729}
(11303
(11313
L1325
(1132}
(11343
(1135
(1134}
(1137
(1138
(1139
(11403
(1141
11423
(114733
{11443
(11453
(L1443
(11473
(1145
(11493
(1150}
(11513
(1152
1153
(11543
. (11553
(11543
(11573
(11523
(11593
(11403
(114613
(L1462

(1167}
(11648}
(1165}

(L1164 .

{.

D

0

40

SUBROUTINE OPTMIZ(ZXB+ZXEsIB+ZEWNDEV)

" SUBRODUTINE OPTMIZ.

THIS SUBROGUTINE ToKES THE PRESENT KNOT POSITIONS

AND USES THESE AS THE START POINT FOR AN ‘
OPTIMLSATION ROUTINE WHICH ADJUSTS POSITION OF KNOTS
TO GIVE A LOCAL MINIMA IN TAQTAL RMS ERROR.

IMPLICIT ZOUBLE ﬁRECISIDN(é—H;HsU—Y)vREﬁL(Z)
COMMIOM /G NCAPZYKCI00) yCCI003 s IFAIL+NCAP1SSSDASH(A)
COMM2MN /07 XC(250)2Y (230 sWI250) AL (352502 A4(22503

AL (200 AT 44 100),ABMAYI0) »ATIRS0IHALIONIIyAL2

COMMOMN SDANPTS ‘ ,
DIMENSION BLIZOX»BUCZO) v X1 020 s INC22)sW1(H003

RUBGUT KNOTS ALREADY PLOTTED TO AVOLD CONFUSIGN.

CALL BROKENCO)

IFCNOEY . ER,Z.0R.NDEV.EQ.A)CALL PENSELC(1+0.018)
NCAPI=NCAF+3 : ‘ '

DO i i=5+NCAP3

Z=REDD o X
IF{Z.L7.24B.OR.Z.GT.ZXEXGD TD 10

CALL GBRAMOV(Z+ZIB)

CALL BRALINIZYZIE)

CONT I MU

IFCNDEY.EQ.3.0R.NDEV.ER.A)CALL PENSELC1410.050)

SET uJP PARAMETERS FOR LIERARY ROUTINE.

M=NEaP--1

IBOUN D=

BLCLy=x012

BUCL =X (NPTS)

LIW=ZZ .
LW=500 ' .
IFAIL=]

.NCAPZ=NLAF+2

DO 20 I=Z+NCAPRZ

Ml=I-4

X1CMLira=KOD)

CONTINLIE *

CALL LIBRARY ROUTINE EO4JAF.

CALL ALLUJAF (N2 IBOUND»BL 1BUvX1sFsIWsLIW WL1sLWIFAIL)
IF ERRORS FOUND SAY SO AND RETURN.

IFCIFATL.NE.O)WRITE(L+30)IFAIL
FORMATC*ERRDR IN EC4JAF AFAIL=" +I2)
WRITEC1180)F o
FORMAT (' RESULTE OF OPTIMIZATION /

*¥//70PTINUM ERROR / POINT =',D10.4)
DO 70 I=5+NCAPZ '
WRITECL180)IKEDD)



31

A P e g e A g

(11567
(1165

(11693

(1170)
(1171)
€1172)
€1173)>
(1174)

PROGRAM
N3  ERRUORSG

20

70

SIZE:

v P Y

-FORMAT(*KNOT " +I2y' IS AT 'sD10.4)°

I=K{I)
IFCZ.LT.ZIXB.OR. Z.GT. ZXE)GU TD 70
CALL GRAMOV(Z+IB) -
CALL GRAMOV(Z.ZIE)
CONTIMUE
RETURM
END ,
PROCEDBURE - 000522 LINKAGE - 004432

LCOPTHMIZ) FTHLUTA-REV17.21

STACH

DO050
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C1173)
C1174&)
1177
1173
(117923
(11302
11813
(1152
11235
(11a4}
11855
(1184
£1137)
€1183)
(1129
C11943
Cii19i
1192
L1932
11942
CL195:
L1942
(11972
(li9e:
(117373
C120G%
£12013
(L2022
(12032
(L2047
(12033
(12043
(12073
(12022
(12092
{12140
121ty
Cra1ds
121733
(1214
(12152
(12142
(12173
(12122
(1219
(12207
(12213
(12222
(12273
(12243
12233
L2242

PROGRAM S17Z&:

aoaonnn

SIS

a0

e R I R

88

SUBRQUTINE FUNCTL(NsXCsFC)

THIS SUBROUTINE CALCULATES THE RMS ERROR
OF A CUBIL SPLINE CALCULATER FROM THE GIVEN
SUBSPALCE VECTOR. '

IMPLICIT DOUBLE PRECISIONCA-H+K+0O-2Z)

COMMON /A7 NCAP7 »KC1IDD)»sCC100) 1 IFAILINCAPSS+EDASHCG)
COMMOM /C/7X(2502 Y (2300 W (230 1 ACS 2501 1AL(200)
FAZLA 1003 +AZCE+30) s AT L2T0I1A101114812

COMMON /L/NPTS _

DIMENSION XG(2Z0) 1 XC(20)

NCAPIZ=NCAF+Z ‘

ARRANGE KNOTS IN_STRICTLY'INCREABING ORDER

DO 20 Y=1aN,

XGCI=xX0C{I)

DO 30 T=5+NCAPZ

XHM=1000.

DB 25 J=iN

IFCXGLIWEQR.0.0¥0B0 TO 25

IFCEGC) LT XMYKM=XG(T)

IFCXGETY (EQLXMYIK=]

CONT IMUKE

KR{J=XM

XGUIN)=0.0

CONT IMUE

IFAIL =1

CALL EQOZBAF (NPTSMCAPT+ X s Y WK1 AAYAZsCHFCH IFAILD
IF(IFALL.NE.OODWRITE(L+SOYIFAIL

FORMAT ¢ ZRROR IM ECZ2BAF (OPTIMIZATION) 7 IFAIL="112)

CRLCULATE RMS ERROR

FC=0
WT=0

DO 83 Y1=1.NPTS"

IL=0 N _

CALL EOZBEF (NCAP7:KsCs+XCI1)+AFITIFAIL)
FO=FCH+CCCAFTIT-YCILD I #HCTI1) ) %%2)
WT=WT+W(I1) *W(I1)

CONT INUE

FC=FC/WT

RETURM

END ‘ X
PROCEDURE ~ 0DOZ46 LINKAGE ~ 000240 STACK =~ 000044

NGO ERRORG LAFUNCT1) FTNLUT4-REVL7.2
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(12273

L1225

(12293

(1230
(12313
(1232

(1233

(1234)

1225y

(1234
(1237
L2387
(1239
(1240
(1241
(1242
(12473
(1zaday
(1245
(124843
(1247

1245

L1249y .

(LSO}
(12513
(1252}
(1253)
(1254
(1255)

12543
(12573
(12533
(1259)
(12603

12461

(12623
(124633
(12442
(12853
C124LE
(124672
(12623
(12493
(12703
(12715
(12723
(1273}
(1274}
(127353
(1274%
C1277)
(1273>
12793

(12303

(12813
(1282}
(12333

(12843

12855
12842
(1287)
(1288

oo

100

A
i e

ot
[ i

101 (0

1001

1202

1003

008

L
& ]]

1 (_H

I A A

%
aa

“ .

OO0

SUBROUT INE DCOPY

SUBROUTINE TO PLOT GRAPHS PREVIOUSLY STORED IN
FUNIT 4 ON CALCOMP.

DIMENSION XS(250) 1YS(2503 yXR(S00) 1YR(SO0Y s XX 1 5)
INITIALISE DEVISE AND SET WINDQW.

CALL ClOSIN
CALL WINDOW(2)
READ(7 %) 1

IF END OF FILE RETURN
IFCILER.BIGO TO 1000 .
READ AXIS TYPE POSITION ETC. CHODSE PEN ANI SLOT AXIS

READC7 s Z3ICsIX LY s NXINY« XB1XE'YEBYE
FORMAT(SIZ,4E12.3)

READC7 + %3 IYT

CALL PENSEL(1+0.04+0)

GO TO (100G1y10025100241003+10048)+1IYT

CALL AXIPLOCICyO . s0.+ Xy IV MY yNY s XByRETYE v
#* TEMPERATURE 111y "CAPACITANCE »11)

GO TO 1003 '

CALL AXIPLOCIGC 0. 10+ IXaIVINXINY 1 XBaXE1YE
%= TEM? CPGFQRE’!llt’DLLTQ GAPT™ v

60 TO 1003

CALLL H)IPLD(IC!U.10-’IXvIY1NX!NYvXBvXE1fdsr
#' TEMPERATURE? » 11" RESIDUALST +7)

GO TO - 10eS _ o :
CALL AXIPLOCICYO.»0 v IX IV MNXsNY v XBeXEWYE, 2
*' TEMPERATURE 911+ EXP. COEF.? 102

CAaLl AXIBRAC(Z10y~-1)

CALL AXIBRA(Z10:+2)

1

i

READ MLIMBER OF KNOTS TO BE DRAHN AS VERTICAL 2OTTED
LINES + CHANGE PEN COLOUR AND DRAW THEM.

READ(7y#) 1
IFCI.LT.2)G0 TQ S
I=I-1

DO 3 J=l+L o
READ (7 ¢ %Y XK ()

CALL BROKEN(1)

CALL PENSEL(310.010)
DO 4 J=1,1

- CALL GRAMGV(XK(J);YB)
- CALL GRALINCXK{(I)»YE)

CONTINUE
CALL BROKEN(O) |
READ NUMER OF X'S TO BE PLOTTED + CHANGE PEN COLOUR
AND DRAW THEM.

READ( 7%} 1
- IFCI.ER.Q)GO TOQ 8
DO & J=1+i



o e o — —— R

READL74+7)3X8(J) 1 YEUI)

(12893 =
(12903 7 FORMAT (ZE12.5)
(12913 CALL PENSEL(410.0+0)
1292y 11 CALL GRASYM(XS1¥YS2I14:0)
1293y L : h
(12943 - READ NUMBER OF POINTS THROUGH WHIEH A CURVE IS
(1295 ¢ TO BE DRAWN s CHANGE COLOUR AND DRAW THEM.
(1294 O
(1297 0 READB(7y#32IV
(12953 - IFCIVLER.GIGO TO 1O
1299y DO ¢ J=1+IV .
(1300 | % READ(7 s 7XXRCII I YRLT
(1301} © CALL PENSELC(4,0.010)
(13023 CALL GRAPOLCXRIYRs IV
CLIO3TY oo ' ' ‘ _
S (i30ay  C PICTURE FINISHED S0 MOVE DN PAPER -
(1305 o . . .
(13204 1 CALL PICCLE
(13073 GO TO L
1308y i . _
L1309y o IF GRAPHS FINISHED TERMINATE DEVISE.
(L310x % ‘ B :
0131y 1000 CALL DEVEND
(1312 . RETURM
1313y END : '
PROGRAM S51Z%: PROCEDURE - OD110Z LINKAGE - Qoa042 STACK = 000024

NO EARDRE [(DCOPY FTNLUTA-REVIT. 2]
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(1314)
(1315
C1314)
L1317
(131}
(13193
€1320)
321
(1322}
C1I2T
C1324)
(1325)
(1325

S2TY

(L1328
(1329
CLI3IG)
(13313
(13I2)
lef?)
T4
-.ﬁ-\.ac.').‘
lla&ﬁf
CLEI7D
{ 1 - T}_\
C1I339
(134G
(1341
CLXAZ:
(134733
(1344
(17345}
(13443
(1347}
(1342

(13423

c1350>
1351
c135:
(1353)
(13547
(1355
(13543
(1357
(1355}
(1359}

(13460

(1361Y
(1362)
(13467)
(1364}
(13453
. (1364
(135673
(1368
(13469}
(13703
(13713
(1372
(1373}
(1374
(1375)

)
IR BT R R Y T R R R L I 2 E X TR R R T R TS

[

LEESERE N I O I )

0T i SN

&

000
e

]
L)

‘THIS RDUTINE IS8 A VERSION OF NAGF LIBRARY
'ROUTINE EQ4JAF THAT HAS BEEN MODIFIED 7O

UPTONDATE EOQAJAFTEXT : :
SUBROUTINE ALUJAF (N, IBDUNDy By BUs X+ Fy IWy LIWy Wy LWLIF

"-X‘*-}*******-!-*-)‘.—*********************************************i

* .

*
\ *
CORECT AN ERROR THAT WAS DETECTED IN THE *
ORRIGIMAL LIBRAY PACKAGE. *
*
*

MARK &~ RELEASE NAG COPYRIGHT 1977

L E LR R E R EEEE LRSS RS LS ERS T SIS EE LS LR L ES LR

E0OAJAF IS AN EASY-TO-USE RBUASI-NEWTON ;ALGORITHM FOR FINDING
MINIMUM OF A FUNCTION F(X1y X2y . . . XN)sy SUBJECT TO FIXED
UPPER ANE LOWER BOUNDS ON THE INDEPENDENT VARIABLES Xi» X2,
« -« » XN + USING FUNCTION VEOQA4ES ONMLY.

BIVEN AN O INITIAL ESTIMATE QOF THE POSITIUN OF A CONSTRAINED

MINIMUM: THE ROUTINE ATTEMPTS TO COMPUTE THE POSITION OF THE
MINIMUM &AMD THE CORRESPONDING FUNCTION VEO4E. IT IS ASSUMED
THAT = Y& TWICE CONTINUDUS LY - DIFFERENTIRBLE.

THE ROUTINE IS ESSENTIALLY IDENTICAL TO THE SUBRDUTI%_ BONDG
IN THE MPL ALGORITHMS LIEBRARY (REF., NO. E4/49/F) AND CALLS
EQS4.J&F WITH SUITABLE DEFAULT SETTINGS FOR PARAMETERS.

N.B. FUNCT! IS A DESIGNQTED NAME .

e ——— -, o kb B e MR b ks o LA e e i A o ety Smn e

THE AENLL ARRAY s USED AS WAORKSPALE BY EOA4JAFy MUST BE

DIMENSIONED AT LEAST 12#N + N*(N - 1)/2y OR 13 IF N = 1, THE
INTESER ARRAY IWs ALSO USED AS WORKSPACE BY EOdJQFs MUST BE
DIMENSIONED AT LEAST (N + 2). ‘

PHILIF E. GILL. WALTER MURRAYs SUSAN M., PICKEN: MARGARET H:
WRIGHT AME ENID M. R. LONGs D.N.A.C.: NATIONAL PHYSICAL
LABORATORY s ENGLAND

XL EERE LS XL EESEEEL RS LEEELLEEEEE L LR LR R L L L L L L

.. SCALLAR ARGUMENTS ..

DOUBLE PRECISION F

INTEGER IBOUNDs IFAILY LIWs LWy N

.. ARRAY ARGUMENTS ..

DOUBLE PRECISION BLCN)s BUCNYs WCLWY,» XCND
INTEGER 1W(LIW)

.. LOCAL SCALARS ..

DOUBLE PRECISION SRNAME :
DOUBLE PRECISION BNDMAXs» BOUNDK: EPSMCH: ETAr FESTs GTGe PEI]

* RTEPS:STEPMXs U» XIs XTOL

INTEGER I+ IFLAG»> INTYPEs IPRINTyY Js K» KIWs KWls KW2y KW3Ist

* LHy MAYXFUNs NFTOTLs NWHY

LOGICALL LOCSCH

»« FUNCTION REFERENCES ..

DOUBLE PRECISION FOSABFs DSGRTs XO2AAF
INTEGER PO1AAF

.. SUBROUTINE REFERENCES ..

Yawi



(13743
CL3773

EG4HEF s EC4TBFy EQGA4JBXy EC4LEW,

[a]

(1373} EXTERNMALL EDACGY: E0OACBZ+ EOQ4JBR
(L1379 DATA SRNAME /SH EOA4JAF /
(1380 o : : o
C13ISEy O A MACIHINE-DEPENDENT CONSTANT IS SET HERE. EPSMCH IS THE
(1382 ” SMALLEST POSITIVE REAL NUMBER SUCH THAT 1 + EPSMCH .GT. 1.
(1323 o :
CEPSMCH = XOZ2AAFCL1.0DO)
B B 1= 755 T 1F USER HAS NOT SPECIFIED HARD OR SOFT FAILUREsY GIVE HARD
cize7r o FALLURE
C13E8r O
LL1XE9) IF C{FAIL.NE.O .AND. IFAIL.NE.1) IFAIL = O.
{1390y o ' :
1391y RTEPS = !SDRT(EPSMCH)
(L1392 PEPS = SﬁCH**o.aabéén+o
(13973 NWHY = 1
(1E947: IF CNLLELO JOR. IBOUND.LT.O .CR. IBOUND.GT.3) GO TO =0
(1395 = :
(1394 2 COMPUTE THE LENGTH DF THE ARRAY hHICH HOLDS THE APPRIXIM
C1397y o HESS tAN MATRIX.
LISy L -
(LA LH = MeiN=13/77
(LAaon: IF CLHLEZL0Y LH = 1
C1a0iy o n '
(L402x o CHECH THAT THERE IS5 SUFFICIENT WORKSFACE.
11403y
L1304 IF (LWLILT.12=N+LH)Y GO TO =0
(L1605} I ¢ Iy, LT.N+2) $G0 7O 80
(14042 - ' :
(14072 o IF ARPROFPRIATE: EO4JRF WILL CHECK THAT BL{I) .LE. BH(I)
(iq08y ' ‘ T
CLao?y NWHY = O
iatoy o .
C1a1t1y = SURPRERS THE PRINT FREQUENCY.
1412y o
(L4173 IPRINT = &
(14148 o
14819y o REQUEST CONFIRMATICN OF THE- MINIMUM,
(14143
(14173 LOCSCH = TRUE,
1418y o
(14193 o THE FUMCTIONs GRADIENT AND APPROXIMATE HESSIAN WILL BE
(14203; & SUPPLIED BY FQaHBF.
(1421 i
{14223 INTYPE = t
(14233 T _ '
(14243% <+ ONLY 40Oo*N FUNCTION EVEOAATIONS ARE ALLOWED.
(1425 o
L1424 MAXFUM = 400*N
(1427 o
(14283 o SET THE LINEAR SEARCH PARAMETER.
(1429
(1430 - ETA = 5.0D-1 :
(14313 IF (N.ER.1) ETA = 0.0D+0
(14323 T _ . _
€1433F = SPECIFY THE OVERALL CONVERGENCE CRITERION.
(14343 = '
(14353 XTOL = 1.0D+2%RTEPS
(14348 C
1437y © SPECIFY THE BOUND ON THE STEP-LENGTH

[Tl
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(1439
(1439}
1440}
(1441
(14823
(18433
(14443
(1A45)
(14443
(14473
(1448}

(144%y

C1aA%62
(1451
(145327
C145352
(14545
(LAY
CLADAY
(145772
{lq“.l}
014592
CLans0s
cias1z
Cla&2s
C1AAT:
(144643
CLaLS:
CLAALD
L1447
Clabak
CLas?:
L1a7Gk
C1A71:

1avzy

(1A733
(14743
(1475%
(1874
(14773
(14757
(14793
(1430}
(14813

(1482%,

(145733
(1424)
(1485}
(14363
(1487}
(1882}
(1489}
(1490}
(1491}
(1492}
(149733
(14943
(14953
(14943
(14973
(1492
(1499)

[ ]

1

LI B LR

A EREN

STEPMX = FOSABF(XsN)
IF (STEPMX.LT.1.0D+1) STEPMX = 1.0D+1

CGMFUTE THE ADDRESSES FOR THE ARRAYS USED IN EO4HBF, EQ4LBW
EOAJEX AND EO4JBF.

KWL = weEN o+ 1
KW2 = KW + N
KWZ = KW2 + LH
KWa = KWIT + N
KIW = 3

COMPUTE THE FINITE-DIFFERENCE INTERVALS AND THE INITIAL
FUNCTION VEO4Es GRADIENT VECTOR AND APPROXIMATE HESSIAN MAT
BY CALLING EO4HBF WITH S0FT FAILURE OPTION.

NWHY = 3 .
CALL EZO4HBF(Ns EOQA4CGYs Xs NFTOTLy WCKWLY» WCKH2Y sy LH: WIKKW3

# WORWAT: IWs LIWy We LW: NHHY)

NWHY = a

CHECK THAT ECAHBF HAS COMPUTED AN ACCEPTABLE INITIAL
APPRIOXIMATION TO THE HESSIAM. IF NOTs REPLACE IT BY THE UNI
MATRIX,

EOUMDK = N : : :

BOUNDK = 1.0D-2/(DSART (BOUNDRK) #EPSMCH)

CALL EOLLBWIW(KW3Y s Ny BOUNDKs IFLAGs U2

IF (IFLAG.GT.0) CALL EOC4JBXI{Hy WKWIY» My W(KW2I: LH, U

- COMPUTE AN ESTIMATE OF THE FUNCTION VEO4E AT THE MINIMUM.,-

FEST = 0.02D+0 ,
IF (9ARSFY JLELRTEPS) FEST = ~1.0D+0
IF GF LT -RTEPS) FEST = 1.0D+1#*F

CALL S-ROUTINE EO4JBF (WITH SOFT FAILURE OPTION: Td MINIMIZ
THE FUNCTION.

NWHY = .

CALL E04J2F (N» EOACGY+ EOA4CGZ,y IPRINT. LDOCSCHy INTYPE.ZEOA4JB
* MAKXKFUNs ETAY XTOLs STEPMXy FESTs WC(KW13y IBOUND: BL:EU: X»
v LHy WOKHI)y TWKIWIY Fy WIKWAYy IWy LIWs WeibWs NWHY)

IF (NWHY.LE.2, .OR. NWHY.EQ.4) GO TO 40°

" IF THE LINEAR SEARCH HAS FAILED.: ATTEMPT TO DETERMINE WHETH
THE FAILURE IS DUE TO TOO SMALL A SETTING FOR XTOL.

= 1.0D+3 + DABS(F)

= PEPRPS#ixU
TG = 0.00+0
KL
rWa
0 20 I=1N

IF (IWCTY.GT.0) GTG = GTG + W{K)»x2

Jo+ ot
K + 1

u
U
G
J
K
D

J =
K =
CONTINU
THE VEQ4ES Iy S5y &9 71 8 FOR NWHY HAVE THE FOLLOWING
SIGNIFICANCE
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(1500}
{1501:
(1502>
(15033
(135043
(1505
(15042
15073
(1308
1309}
(1353103
C1511z>
C1G512%
(1517
(1514>
(13153
(1514}
(13172
L1812y
(1519
(1620
615213
(15223
.r1337w
1524
CIJLS;
(192462
(18272
!lbib
5293
C1530>
135312
(1532

1533y

(15343

C1E357
(1334
C15372
(1523
C1539)
(15463
15413
(1542
(1547%;
(15443,
(1543
15443
(1547
(1548)
PROGRA™

NO E-~238%

-

CIF (GTG.LEL1.0D32%U) NWHY

7~ THE MINIMIZATION HAS PROBABLY HGRRED.

NWHY = 3

NWHY = ~ = THE MINIMIZATION HAS POSSIBLY WORKED.

NWHY = 7?7 - THE MINIMIZATION IS UNLIKELY TO HAVE WORKED.
NWHY = 2 = THE MINIMIZATION IS VYERY UNLIKELY TO HAVE WORK
NWHY = 3 ~ THE MINIMIZATION HAS FAILED.

IF (MNWHY.EQ.D) NWHY = 3
IF C3TG.LE.L1.OD+3#U) NWHY

[E I I |
[ By i

IF C3TG.LE.1.0D+1#U) NWHY
IF {GTG.LE.UY NWHY = 3

S0 CONTIMNUE

TELL THE UBER IF ANY VARIABLE ISVLARGE AND NESATIVe OR LARG
AND POSITIVE. (THIS WOULD OCCURs IN PARTICULAR. IF ANY XCi)
REACHED AN ARTIFICIAL BOUND SET BY EO04JBF.)

BNDMAX = ©.99999D+4

‘DO 43 T=1N

XI = XUID _
IF ¢XI.LT.BNDMAX .AND. XI.GT.-BNDMAX} GO TD &0
MY = 9 '

53 TO 30

L0 CONTINUE

TERMINATION OF ALGDRITHM

SO IF GnHYWNELO)Y G0 TO 100

el

A

' e

IFAT. = O

RETUAN

WRITE (11023 NWHY

FORMAT (* IFAIL=",12)
IFCNWHY,E2,3IWRITE(L»1024)
IFCNWHY . ER.SIWRITE(1,1025

FORMAT ¢ THE MINIMIZATION HAS PROBABLY WORKED')
IF CMWHY  ERLAIWRITEC(L + 1024 ' ‘
FORMAT (' THE MINIMIZATION HAS POSSIBLY WORKED')
IFCMWHY . ER.7)WRITE(1+1027)

FORMAT(® THE MINIMISATION IS UNLIKELY TGO HAVE WORKED' )
IFCNWHY . ER.E)WRITE(1+1028)

FORMAT (" THE MINIMISATION 1S VERY UNLIKELY TO

**HAVE WORKED? )

FORMAT (' QPTIMIZATIDN ROUTINE HAS FAILED>
RETURM

bl

END OF ECAJAF (BCNDG1)

END
PROCEDURE - 001354 . LINKAGE ~ 000176 STACK - 000110

C(ALUTAFRY FTNLUTA~-REVLZ .21
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1549
£1530)
(1351)
£1552)
(1533
(13543
(13552
(13542
(1557
(1538)
(13559
(15602
(154613
1542
(1563)
(15443
(15653
(13464)
SR T
(135422
15493
(15703}
(15713
(15723
(1573
113574)
(137355
(157&)
PROGRA™
NO E:

EEE
EEE
EEE

“s ZND OF EOA4AJAFTEXT

SUBROQUTINE INFQ

THIS ROUTINE IS AN INFORMATION ROUTINE DESIGNED
‘TG GIVE INFORMATION ON DATA FURMAT REGUIRED BY THE

©  PACKAGE TO THE NOVICE USER.

WRITECL:10) _

FORMAT (' DURING EXECUTION THIS PROGRAM RERUIRES’ /

%* THRES DATA FILES TOQ BE MADE AVAILABLE , THESE ARE'///
%' FORTRAN CHANEL S-GENRAL DATA INPUT FILE CONTAINING' /

*T

*!

_‘*!

#'FORTRAN CHANEL &-
*!
¥2FORTR

*V
WRITZ (L 20

ELECTRODE INFORMATIONT /

SPECIMEN AND COPPER LENGTHS'/
CAPACITANCE TEMPERATURE DATA™///
-FILE TD WHICH ALL. QUTPUT LISTS ARE" Y
TD BE SBENT?///

AN CHANEL 7-FILE FOR TEMPORARY STORAGE CF PLOTTINGT

DATA. /717 /77)

»

I FORMAT (' THESE FILES ARE CDNVIENIENTLY OPPENED BY*/
#'TYPIMG THE FOLLOWING SEQUENCE’////7 .

*? INPUT

CFILE NAME 1377/

#* LIBTING (FILE NAME 207/

%' BIMARY (FILE NAME 3)°///77)
RETURN '
END _ B
:z_z. PRICEDURE - 000314 LINKAGE - 0000264 STACK — 200024
ARE L[CINFO  FTNLUTA-REVLIZ.2] ' . .
1.8 IJB&%E? EEEEEEEEEERL
1.8 1JB4059 EECEEEEREEL
1.8 I JBRA4AS5Y EEEEEEEE =X



THE OBSERVATION OT Cr2+ IN A1203 BY LOW TEMPERATURE

RELATIVE THERMAL EXPANSION MEASUREMENTS
by

I.J. Brown and M.A. Brown
Department of Physicé
Loughborough University of Technology

Loughborough, Leicestershire LE1l 3TU

ABSTRACT

A three;terminal, capacitance dilatometer has been constructed and
used to measure the linear thermal expansion over the temperature range
3 to 9K of y-irradiated A1203:Cr relative to 'pure"” A1203. A positive
Schottky-like peak has been observed in the expansivity curve at ~n 3.9K
and its presence is attributed to the concentration of Cr2+ (produced by

y—irradiation) in the specimen. The peak is shown to be removed by U-V

bleaching of the sample at 365nm.



1. INTRODUCTION

(1) Background

The properties of strongly-coupled magnetic ions in dielectrics have
been the subject of a great deal of experimental and theoretical work.
(See Bates (1978) for recent review). The theoretical approach to these
systems has evolved from a simple static crystalline field model to a
dynamic Jahn-Teller model in which the electronic states of the ion are
coupled to the vibrations of the neighbouring atoms (Eletcher and Stevens
(1969), Bates and Dixon (1969)). The potential energy of the ion and its
neighbours may be reduced by a distortion in either of the three equivalent
directions for a cubic material; distortions in other directions lower
the energy loss so that the equivalent distortions are separated by energy
barriers. Tunnelling between the three different modes of distortion occurs
and the resulting lattice disturbance is dynamic. The lowest eigenstates
are separated by a tunnelling splitting which will change rapidly with

crystal volume,

The quantitative measurement or even the detection of small quantities
of strongly-coupled impurity ions is difficult., Typically the energy level
splittings are in the range 1-10c:m'-1 and are often impossible to measure
using conventional electromagnetic or acoustic radiation. However, with
ions strongly coupled to the lattice, thermal expansion at low temperatures
can provide useful information (Sheard (1972)), especially when coupled
with specific heat data, about the pressure dependence of the energy level
splittings. In particular, the determination of the magnetic Gruneisen
coefficients for the Schottky anomaly would provide a good test for the

multimode Jahn-Teller model.

Apart from this work, the only attempt, that we are aware of, to observe
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magnetic ions in host lattices using thermal expansion techniques was made
by Sheard et al (1977) who looked at the thermal expansion of ZnS doped
with various concentrations of Fe. The experimental results were shown

to be consistent with a static crystal field model although the presence
of a weak Jahn-Teller effect was not precluded. With their success in
using the three~terminal capacitance dilatometer to resolve the magnetic
contribution to the thérmal expansion, it was an obvious step to apply the
technique to a known strongly-coupled magnetic ion which was thought to

produce a dynamic Jahn-Teller system.

The system chosen for immediate study was Cr2+ in A1203 which has

the advantage that the Debye temperature of A120 is 1034K (Fugate and

3
Swenson (1969%9)) so that the lattice thermal expansion at low temperatures
should be small and should not dominate any magnetic contriﬁutions. Other
practical advantages are that large single crystals of ruby are available
and that the concentration of Cr2+ in A1203 can be increased (to about 57

of total Cr concentration) by y-irradiation and removed by U-V treatment

(Brown and Robach (1978)).

(ii) Initial experiments

The initial experiments measured the linear thermal expansion of two
y-irradiated ruby samples (one containing 8100 + 200 ppm Cr and the other
~ 800ppm Cr) and a "pure" A1203 sample in a three-terminal, capacitance,
H.C.0.F. (High Conductivity Oxygen Free), copper cell of classical design
(Brown and Brown (1981)). The specimen length changes relative to the
copper cell as a function of temperature were found by measuring the
capécitance betwéen an electrode on the sample and a "fixed" electrode
within a guard-ring in the cell, using the commercial General Radio 1615A

Capacitance Bridge. With this system length changes ~ 1% could be detected
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and from the results the linear thermal expansion coefficient of the samples
could be found over the temperature range 2.5K to 10K. Corrections for

the thermal expansion of the H.C.0.F. copper cell had to be made, using

the data of Kroeger and Swenson (1977). The results showed positive,

peaked structures at ~ 3.9K in the linear thermal expansion data of the
y-irradiated ruby samples, with the more heavily Cr-doped sample having the
largest peaked structure, whereas no such structure was seen in the linear

thermal expansion data of "pure" A1203.

These peaked structures were tentatively ascribed to the presence of
Cr2+, but it was not possible to resolve them properly with the equipment
then available. The work presented in this paper, using much improved
equipment and a modified.measurement technique, set out (a) to confirm
the earlier data, and (b) to confirm the assignment of Cr2+ as the cause of
the peaked structure by usipng U~V to remove the Cr2+ from a y-irradiated
Cr-doped A1203 sample.

2. EXYPERIMENTAL TECHNIQUE

One of the major difficulties in using the classical H.C.0.F. thermal
expansion cell is that to obtain the absolute linear thermal expansion of the
specimen corrections have to be applied to account for the thermal expansion
of the copper. These corrections arise in two ways: firstly, in the obvious
changes in length of the copper cell against which the specimen length is
measured and secondly, in changes in the electrode diameter with consequent
changes in measured capacitance. Although corrections were made using
the detailed data for copper reported by Kroeger and Swenson (1977)
below ~ 10K the thermal expansion of copper cannot be considereq a

reproducible standard for it is slightly sample dependent presumably
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because of some impurity mechanism.

In order to eliminate the major uncertainty, namely the calculation
of the changes in length of the copper cell as a function of temperature,
the expansion cell design was changed. TFour identical, monocrystalline,
"pure" A1203 specimens were obtained from the same crystal supplier in
the form of cylinders, 5mm in diameter and 50.4mm long. The c-axes were
60° to the cylinder axes. Three of these specimens were used to form the
reference length of the cell so that the changes in length of a doped
specimen relative to 'pure" Al,0, were measured. The practical arrangement
is shown in Figure 1, and shows the upper electrode plate pulled towards
the base plate by springs but separated by the "pure" A1203 legs. A
copper former was used to locaté the A1203 legs and to act as an isothermal
chamber, the machining tolerances being set to ensure good, mechanical
stability. A copper screw was used to set the sample in a suitable
position so that whilst the electrode separation produced a capacitance
that was easily measureable, and was sensitive to small changes in length,
it was not so small that the capacitance transducer was highly sensitive
to slight non-pgrallelism of the electrodes or was non-linear (Khan et al
(1980)). A suitable initial electrode separation was ~ 250um giving a

capacitance ~v 7pF.

The capacitance measurement system was also greatly improved. Firstly,
a 1616 GenRad Precision Capacitance Bridge was purchased, which is in
prineciple two orders of magnitude more sensitive than the original bridge.
To exploit this potential a tuned null detector was replaced by a full
phase sensitive detection system operating on in-phase and quadrature phases,
both phases being additionally filtered by coherent filters. The system

has an independent earth, sits in a series of Faraday cages, and uses



long time constants,

The other major improvement that had to be tackled was one of
vibration., Clearly if the cryostat suffers vibration, the capacitance
between the expansion cell electrodes will be noisy and the same problem
can arise on the other side of the bridge with the capacitance standafds.
This problem was solved crudely, but most effectively, by setting the cryostat
into 1} tons of reinforced concrete and siting this assembly on another
50 ton concrete plinth set into bed rock and vibrationally isolated from
the building. The electronics were also placed on this plinth and carefully

temperature stabilised to + 0.1K,

ZOF),

This apparatus can now detect changes of capacitance of 0.05aF (5 x 100
equivalent to a specimen length change of ~ 10—23, but more significantly
it can reproduce a capacitance (giving change of specimen length) versus
temperature measurement taken over several hours to within + 0.2aF. The
reliability of the mounting system has been tested in that measurements of
thermal expansion taken after a sample has been removed from the cell and

then simply replaced, are also reproduced within the experimental errors

indicated in figure 2,

3. RESULTS

Three thermal expansion measurements relative to "pure” A1203 were
made: (a) the 4th "pure" A1203 specimen not being used to form the cell
supports, (b) the 8100 ppm Cr doped A1203 specimen after y-irradiation
treatment followed by rapid cooling to v 77K and (c) the same Cr doped

A1203 specimen after bleaching with U-V radiation at 365nm for 60 hours.

The results are shown in figure 2.

As in the initial work with the H.C.O.F. copper cell, the relative
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thermal expansion curves (solid lines) of figure 2 were obtained by

fitting cubic B-spline functions to the relative length change versus
temperature data and numerically differentiating. The data points only
indicate the temperatures at which specimen length measurements were taken
and the error limits in figure 2 are produced from the limits of "plausible"

fits to the raw data and are probably somewhat pessimistically large.

The thermal expansion of "pure" A1203 relative to the identical ''pure"
A1203 supporting legs, shown in figure 2(a), i1s esscentially a calibration
curve, Clearly if the "pure" A1203 sample is identical to the expansion
cell's A1203 supporting legs and if all corrections for the expansion of
any H.C.0.F. copper parts are made correctly, then zero relative thermal
expansion should be obtained at all temperatures. This is not quite

obtained but it is clear that any small errors resulting from these effects

are small and are not rapidly varying with temperature.

This expansion cell calibration curve has been used to correct the
expansion data of the doped sample, the corrected curves being shown in
Figures 2(b) and 2(c). The results clearly show a sharp peak at ~ 4K in
the relative thermal expansion of y-irradiated Al,0,:Cr which is removed

273
by U~V bleaching, The two sets of results for the A1203:Cr sample, immediately
after y-irradiation and then after dismantling and U-V bleaching treatment,
are virtually identical aﬁove ~ 6K, which gives some indication of the
reproducibility of the measurements. We estimate that the anomalous peak
height in the y-irradiated A1203:Cr data to be (2,5 + 0.5) x 10-8 K_1 and
the half width to be ~ 1 - 1,5K. We also observe a negative thermal
expansion above and below the large anomalpus peak indicating some negative

Gruneisen coefficients corresponding to the energy levels of the contributing

system,



4, DISCUSSION

The fact that the thermal expansion peaks scale with total chromium
concentration and that it is present in y-irradiated A1203:Cr but removed
by U-V bleaching strongly suggests that the peaks are caused by the Cr2+
ion which is known to be strongly-coupled (Brown et al (1973)). Further
work using samples with different chromium concentrations, and doing the

U~V bleaching by stages and in-situy, should be done to study this system.

If one takes this assignment of responsible centre, the recently
published theoretical energy levels of'Cr2+ in A1203 {(Bates and Wardlaw
(1980)) can be used to compute the Schottky specific heat anomaly. The

265 k7T per

result peaks at a temperature of 2.6K atr a value of 20 x 10
ion. If one then crudely compares the value of the thermal expaqsion at

the anomaly with the computed specific heat and uses the published values

for the isothermal compressibility of A1203 tSchauer (1965)) with an estimate
of 5% for the number of Cr3+ ions converted to Cr2+ by y~irradiation

(Brown et al (1972)), a rough estimate of an average Grlnmeisen coefficient

Yo = 50 + 15 is obtained. Unfortunately, estimates of the average Grineisen
coefficient, Ygr have not been made for A1203:Cr2+, although some work has
been done on MgO:Cr2+ (Sheard (1971)). However, it is anticipated that

the two systems will be qualitatively similar and in particular that a

small negative value of Yq will be predicted by a static field model, whereas

a large positive value (v 30 for Mg0) will be predicted by the dynamic

Jahn~Teller model.

However, one only expects the specific heat and thermal expansion
Schottky anomalies to be of the same form if the magnetic Grilneisen coefficients
are approximately the same for each level. The fact that the computed

s o + . ' .
specific heat for Cr2 peaks at a slightly lower temperature, is far
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broader than the observed anomaly in the thermal expansion data (if

we attribute the effect teo Cr2+) and has a low temperature negative
"tail", may be explained by different energy levels having quite different
Grilneisen coefficients (meaning that different levels respond in different
ways to changes in volume), Theoretical work is now being done (Bates,
private communication) to estimate the Grlineisen coefficients for each of
the 15 lowest lying energy levels of Cr2+ in A1,0..

273

" 5. CONCLUSION

A large, pesitive Schottky—-type peak has been observed in the low
temperature thermal expansion of y-irradiated A1203:Cr at ~ 3,9K, which
is removed by U-V bleaching. Earlier work shows that the size of the

peak varies with total chromium concentration and the peak is attributed

+
to the presence of Cr2 .

A detailed analysis of the results awaits a detailed extension of
. . . + ., .
the existing theoretical treatment of the Cr2 ion in A1203. However,
the results are not inconsistent with the dynamic Jahn—Teller model,

which would prediet a large positive average magnetic Griineisen coefficient.

6. ACKNOWLEDGEMENTS

We would like to thank the Science and Engineering Research Council and
the Scientific Affairs Division of NATO for financial support of the research
programme which is being carried out in collaboration with Service Basses
Iemperatures, Centre d'Etude Nucleaires, Grenoble, France. We would also
like to thank Dr. F.W. Sheard and Dr. C.A. Bates for helpful discussions

and Mr. A.R. Khan for his helpful assistance with some of the experiments.



7. REFERENCES

Bates, C.A. (1978), Phys. Rep., 35, 187-304.

Bates, C.A. (1982) (private communication), Nottingham University.

Bates, C.A. and Dixon, D. (1969), J. Phys. C., 2, 2209-25.

Bates, C.A. and Wardlaw, R.S5., (1980), J. Phys. C., 13, 3609-23.

Brown, M.A., de Goer, A.M., Devismes, N., and Villedieu, M., (1972)
Conference Internationale sur la Diffusion des Phonons dans les Solides,
Paris, p.272-5. (Ed. H.J. Albany, C.E.N. Saclay, France),.

Brown, M.A., Challis, L.J., Moore, W.S., Yalcin, T. and Waldorf, D.C. (1973),
J. Phys. C., 6, 1063-73.

Brown, M.A. and Robach, Y., (1978}, J. Phys. C., 10, 4939-43.

Brown, I.J. and Brown M.A., (1981), Phys. Rev. Letters, 46, 835-8.

Fletcher, J.R. and Stevens, K.W.H., (1969), J. Phys. C., 2, 444-56,

Fugate, R.Q. and Swensomn, C.A.,.(1969), J. Appl. Phys., 40, 3034-36.

Khan, A.R., Brown, I.J. and Brown, M.A., (1980), J. Phys. E., 13, 1280-1.
Kroeger, F.R. and Swenson, C.A. (1977), J. Appl. Phys., 48, 853-64,

Schauer, A., (1965), Can. J. Phys., 43, 523-31,

Sheard, F.W., (1971), J. de Physique, Cl, 32, 939-40.

Sheard, F.W., (1972), Thermal Expansion - 1971 Ed. M.G. Grzham and H.E. Hapy
(AIP Conference Proceedings 3, American Institute of Physics, New York, p.155-68.
Sheard, F.W., Smith, T.F., White, G.K. and Birch, J.A. (1977), J. Phys. C.,

10, 645-55.



FIGURE CAPTIOQNS

Figure 1 Diagram of expansion cell using "pure" A1203 as a reference

standard. 1 = electrode on sample, 2 = fixed electrode on cell

surrounded by a guard ring, 3.

Figure 2(a) Calibration data of differential linear thermal expansion

coefficient of "pure” Al,0, compared with "pure” Al,0, as a function of

temperature used to correct subsequent experimental data.

----- = estimate of limit of uncertainty in curve fitting procedure.

Figure 2(b) Differential linear thermal expansion coefficient of ~ 8100ppm.... .

Cr doped Al,0,, after y-irradiation and rapid cooling, compared with "pure"

2

A1203 as a function of temperature (solid line) corrected using data in

figﬁre 2(a).

————— = gstimate of limit of uncertainty in curve fitting procedure.

Figure 2(¢) Differential linear thermal expansion coefficient of ~ 8100ppm

Cr doped Al 03, after subsequent U-V bleaching (see text) compared with "pure"

2

A1203 as a function of temperature (solid line) corrected using data in

figure 2(a).

——-= = estimate of limit of uncertainty in curve fitting procedure,
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FIGURE 1 Diagram of expansion cell using "pure" A1203 as a reference standard.
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epoxy resin as an electrode-guard
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Abstract Measurements of the linearity of a guard-ring,
three-terminal capacitance transducer have been made with
precision and the effects of slight non-parallelism of the
electrodes of the order of minutes of arc have been observed
for small electrode separations,

Although the results can be explained by the classical
theory for large electrode separations (g r{75, where g is
the electrode separation and r is the radius of the central
electrode) no such agreement is obtained for the small
¢lectrode separation data.

1 Background
Investigations of the performance of a parallel-plate capa-
citance displacement transducer using a guard-ring attached
to the central electrode by means of an epoxy-resin dielectric
(Brown and Bulleid (1978), hereafter referred to as paper I)
showed that at electrode separations less than /75 (where # is
the radius of the central electrode) the system was non-linear.
The non-linearity could not be satisfactorily explained by
the classical Maxwellian expression (Maxwell 1873) which
assumes a vacuum between the central electrode and the
guard-ring,

R -1
c=4< [1+'—" (1+3)(1+022 w) ]
g r 2r g

(where A is the area of the central electrode, g is the electrode
separation and w is the width of the gap between the central
electrode and its guard-ring) or by a modified version

C=’i€3 [14-E (1+K)(1+0'22 w)]
: g r 2r €g

where ¢ is the relative permittivity of the epoxy-resin dielectric.
It was also apparent that the capacitance obtained was
strongly dependent on the angle between the electrodes at low
clectrode separations.
This note describes further work carried out ata higher order
of precision.

2 Experimental details

The basic technique reported in paper I, has been retained, in
that an adjustable assembly with a capacitor and guard-ring
plate, is moved towards the other plain plate, the change in
position of the assembly being detected by a Michelson
interferometer arrangement {(using a He-Ne laser as the
displacement standard).

The capacitor electrode and guard-ring geometry were
retained but, after hand lapping, the stainless-steel plates were
optically polished by Rank, Hoffman and Taylor to a curva-
ture less than a quarter of a wavelength of sodium light over
the entire width {~ 60 mm).

0022-3735/80/121280+ 02 $01.50 © 1980 The 1nstitute of Physics

The mechanism controlling the orientation of the plain
plate was modified so that the plate could be rotated about
two mutually perpendicular axes by small but controlled
amounts, using long heavy levers and precision bearings
throughout. Such an arrangement allowed us to approach a
‘perfectly parallel’ plate situation.

The linear movement of one plate relative to the other was
controlled by an electric clock motor, so that transmitted
vibration and backlash was minimised, and was slow enough
that optical fringes could be counted manually. In addition,
the measurements were done in conditions where the tem-
perature was constant to +3°C and during the days over
Christmas when the Physics building was vibrationally and
electrically ‘quiet’. Finally, the operating frequency of the
capacitance bridge was increased to 7-2kHz, at which
frequency the best signal-to-noise ratio was obtained.

3 Results

By the technique outlined above, measurements of plate
separation, g, and the corresponding capacitance, C, were
obtained with various relative orientations of the plates.
Firstly, the plates were aligned as near as parallel as possible
by fine adjustment to maximise the value of the capacitance
obtainable, The separation of the plates was then syste-
matically increased whilst monitoring the capacitance and the
results are shown in figure 1, plotted as 1/C against g. The
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Figure 1 Reciprocal capacitance (1/C) against electrode
separation g for ‘parallel’ electrodes.

data obtained for g give relative changes in plate separations
but, as was described in detail in paper I, the data can be
corrected to produce the ‘absolute’ plate separation g and
these values are the ones used throughout this paper,

As can be seen from figure 1, an approximately linear
relationship is obtained between 1/C and g, but small depar-
tures from linearity can be observed at small values of g. As in
paper I, this becomes clearer when the results are displayed in
a different form: the point-to-point gradients are calculated
and plotted as a function of plate separation, g. Measurements
were also taken after one of the plates had been roated (i)
clockwise by 17, (ii) clockwide by 2’, (it} clockwise by 5,
(iv) reset to ‘perfect’ parallelism, and (v) anticlockwise by 4",
The results are displayed in figure 2.

All the different orientations produced results that tend to
the same gradient (1/Cg) of 161-8 x 10-% (pF pm)~1 at large
plate separations. From equation (1) the gradient G=1/Cg=
1/e0A4 and thus one can calculate the effective area of the inner
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Figure 2 Point-to-point gradients against
electrode separation with electrodes: (i)
W, ‘parallel’, (i) @, rotated clockwise 1°
from parallel; (iii} A, 2" clockwise from
parallel; (iv) A, 5’ clockwise from
parallel; (v) [, reset ‘parallel’; (vi) @,

I
250 rotated 4’ anticlockwise.

electrode of the guard ring plate. The value obtained is
698-3 +0-2 mm2. The physical area of the electrode, measured
using a travelling microscope, was 674:3+0-3 mm?, giving a
ratio between the effective and physical areas of 1-036 + 0-003.

4 Discussion

Both models agree at the limit g+ <0 and can be interpreted to
mean that the cffective area of the inner electrode of the
guard-ring system is

A*= A(1+7)

where 4= nr? is the physical area of the electrode and » is a
correction factor. Of course, the values of » are different in the
two different models although they agree at large plate
separations when #n->(w/r)[1+{w/2¢)], giving a value of
n=0-038+0-002 if one substitutes the measured values of w
and r. Thus a ratic of 1-038 + 0-002 between the effective and
physical areas of large values of g is predicted, compared with
the experimental value of 1-036 4 0-003. It would seem that for
electrode separations above ~200 um (corresponding to
r{75), the experimental values can be explained by the classical
Maxwellian expression (or the modified version) provided
that the electrodes are parallel to ~ 5”. However, the data show
that deviations from linearity occur below this separation, the
point of onset depending on the non-parallelism of the plates.

At small values of g (g-+0), both models predict that the
gradient should tend to a value of (wepr2)1=1679x 10-8
{pF pm)~1, Such an intercept was not obtained experimentally
even though non-parallism was certainly less than 4 and the
‘parallel’ data were quite reproducible. The reasons for this
lack of agreement are not clear and certainly it cannot be
explained by applying classical theory of plate rotation to the
problem. It is possible, that in this unusual, small electrode
separation situation (a situation often approached in precision
dilatometer measurements) surface effects, other than rough-
ness, may become important.

It is also noted that, for small values of g, the unusual
condition of w>g is obtained and that also the central
electrode geometry (being cone-shaped for mechanical
convenience and stability) does not correspond to the classical
theoretical model. However, it is clear that for this capacitance
transducer, in the small g situation, deviations from linear

behaviour are observed even when the electrodes are parallel
to <% of arc.

5 Conclusions
When the separation between the ‘parallel electrodes’ of a
capacitance transducer, g, is greater than ~200 pm (g>#/75)
any effects of non-parallelism are small and any differences
between the classical theoretical model are unlikely to be
important. With smaller plate separations, the effects of
non-parallelism (~ few minutes) can be appreciable.

For smaller electrode separations, the behaviour of the
device cannot be explained by simple classical theory and
further experimental and theoretical work is to be carried out.

Acknowledgments
We would like to thank the Science Research Council and the
Scientific Affairs Division of NATO for financial support of
a research project, of which this study forms a part, and one of
us (ARK) would like to thank the Government of Pakistan
for personal financial support.

We would also like to acknowledge the help and advice of
Rank Taylor Hobson in preparing optically flat and polished
electrode systems.

References

Brown M A and Bulleid C E 1978 The effect of tilt and
surface damage on practical capacitance displacement
transducers

J. Phys. E: Sci. Instrum, 11 429-32

Maxwell J C 1873 Theory of Thomson's guard-ring
A Treatise on Electricity and Magnetism, Article No. 201
(Oxford: Clarendon)

1281



VoLuME 46, NuMBER 13

PHYSICAL REVIEW

LETTERS 30 MarcH 1981

Low-Temperature Thermal Expansion of y-Irradiated Ruby

) I. J. Brown and M. A. Brown
Depavtment of Physics, Loughborvough University of Technology, Loughbovough,
‘ Leicestershive LE1I 3TU, United Kingdom
(Received 7 November 1980)

Measurements of the low-temperature thermal expansion of y=-irradiated rubies have
been made with use of a three-terminal capacitance dilatometer, The data exhibit a posi-
tive Schottky-type anomaly at ~3.9 K, not present in the data obtained for a pure Al,0;
sample, and this contribution to the thermal expansion has been tentatively attributed to
the presence of cr** (produced by ¥ irradiation) exhibiting a large positive magnetic
Griineisen coefficient as predicted by a dynamic Jahn-Teller model.

PACS numbers: 65.70.+y, 61.80.Ed -

A great deal of experimental and theoretical
work, over several years, has been done on the
properties of various paramagnetic ions in sever-
al host lattices (see Bates' for an extensive bibli-
ography). Of particular interest are ions which,
with use of static field theory, have E orbitals in
an octahedral environment, such as Cr**(34*,5D)
in MgO, when it is thought that the orbit-lattice
interaction is so strong that a simple description
using static erystal theory is inadequate. In this
situation, the electronic states couple to the vi-
brations of the neighboring atoms producing a dy-
namic Jahn-Teller system? which has been calcu-
lated in some detail for this particular case.?

Experimentally, the quantitative measurement,
or even the detection, of small quantities of im-
purity ion is extremely difficult, The energy-lev-
el splittings of such ions are typically in the
range ~1-10 em™! and are difficult to measure by
resonance techniques which use electromagnetic
or acoustic radiation. Sheard! suggested, how-
ever, that thermodynamic quantities may provide
useful information, Specific-heat measurements
give useful information on energy-level splittings
and ionic concentrations but are experimentally
difficult measurements to perform and lack the
absolute precision of spectroscopic techniques.,
Thermal expansion provides additional informa-
tion {since it also depends on the pressure depen-
dence of the splittings), such as the magnetic
Griineisen coefficient ¢, which, when determined,
would point in a more direct way to the existence
of a tunnelling splitting and provide a clear test
for a dynamic Jahn-Teller model.

The standard Grineisen theory® may be gener-
alized to include the effect of two-level impurity
ions, with level splitting E,. The volume expan-
sion coefficient 3 is then given by

B/xr={yCp+ysCHV,

where C; and C, are the heat capacities at con-
stant volume V of the lattice and ions, respective-
ly, xr is the isothermal compressibility, and y,
and y, are the magnetic Grineisen coefficients,
respectively. This theory can be readily gener«
alized to a many-level system. There will be an
cbservable effect in the thermal expansion when
y.Cr~v,C,, and the theoretical work of Sheard®
indicated that this condition should be readily sat-
isfied for strongly coupled magnetic ions at low
temperatures. Recently, experimental observa-
tions of the thermal expansion of natural crystals
of ZnS containing Fe impurities” have been made
and the experimental results were shown to be
consistent with the predictions of a static crystal-
field model (suggesting a magnetic Gruneisen pa-
rameter of — %), although the presence of a weak
Jahn-Teller effect was not precluded.

With the success of the three~terminal capaci-
tance dilatometers in resolving the magnetic con-
tribution to the thermal expansion,® it seemed ap-
propriate to apply the technique to a known strong-
ly coupled ion which was thought to produce a dy-
namic Jahn-Teller system. The system of Cr?*
in Al,0, was chosen for several reasons: (a) The
Debye temperature of AlLO, is 1034 K (Ref. 9) so
that at low temperatures the lattice thermal ex-
pansion is small and should not dominate any mag-
netic contributions; (b) the amount of Cr?** pres-
ent in Al,O, can be changed by y irradiation and
uv treatment'®; (c) large single crystals of ruby
were available; (d) although Cr substitutes for
Al, which experiences essentially a trigonally
distorted cubic field, there is evidence!™ ¥ that
Cr®* produces an almost pure cubic field environ-
ment for itself; and (e) the static cubic-field mod-
el does not explain the behavior of Cr?* in Al,0,,'*
and consequently the dynamic Jahn-Teller model
has been recently developed!? for this system,

The experimental details will be published later
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but essentially a “standard” three-terminal ca-
pacitance method® was used, the sample being
compared with a H,C,O,F. copper cell, corrected
with use of the thermal-expansion data of Kroeger
and Swenson,'* The three monoerystalline sam-
ples were cylindrical in form (the ¢ axis being
~ B0° to the specimen axis), one being a “pure”
Al,O, sample, another being doped with ~ 800
ppm Cr (manufacturer’s quoted value), and the
third sample containing 8100+ 200 ppm Cr (value
obtained by optical measurements'*~—the manu-
facturer’s estimate having been ~ 1.04%). The
dimensions of the cylindrical samples were di-
ameters 12, 10, and 5 mm and lengths 100, 100,
and 50 mm for the pure, 800-ppm Cr-doped and
8100-ppm Cr-doped samples, respectively. The
change in specimen length as a function of tem-
perature was monitored with use of a General
Radio precision capacitance bridge from 3.2 to .
300 K, although only the temperature range of
immediate interest is presented in this Letter,
The results obtained for the pure Al,O, sample
and the ruby samples after y irradiation are
shown in Fig, 1 and the Cr-doped samples show
clear step anomalies not present in the data for
the pure sample. Indeed, recent measurements
on V-doped Al,0, samples also show no such
structure, The lines drawn through the data in
Fig. 1 were obtained by fitting 3-cubic spline
functions to the data with use of Loughborough
University of Technology’s Prime system so that,

by numerical differentiation, the thermal expan- °
sion of the specimens could be obtained. The re- |

B8 & 8
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CHANGE IN SPECIMEN LENGTH A1(10'%m)
S =

TEMPERATURE (K)

FIG. 1. Change in specimen length as a function of
temperature after v irradiation for: open triangles,
“pure”’ Al,Os; closed circles, Al,O, doped with ~ 800
ppm Cr; and closed squares, AlyO, doped with 8100
ppm Cr. The solid lines are computer fits with use of
f=cubic spline functions.
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sults of this exercise are shown in Fig. 2. Clear-
1y, peaked anomalies are preduced with a peak at
~ 3,9 K and this is tentatively ascribed to the pres
ence of Cr** (produced from Cr** by y irradia-
tion). Obviously, the height and position of the
peaks in Fig, 2, depending on the point of inflec~
tion in the fitted curve, will be sensitive to the
exact computer fit, but we estimate that the peak:
in the thermal-expansion curves are correct to

~20% .and that the temperature at which the peaks

occur is ~ 3.9+ 0.2 K. The fact that the anoma-
lous peaks apparently occur at slightly different
temperatures is not thought to be physically sig-
nificant; the smaller peak, in particular, is near
the present limit of the sensitivity of the meas-
urement technique and unfortunately measure-
ments could not be made below 3.5 K, making the
identification of the point of inflection in this
curve very difficult, J

We also note that Fig, 2 shows the “pure” Al,O,
sample to have a small negative linear thermal-
expansion coefficient up to ~6 K. This may be an
“apparatus effect,” perhaps partially caused by
the H.C.O.F. copper of the expansion cell expand-
ing in a slightly different way then that of Kroe-
ger and Swenson,™ or it could be a “real effect,”
perhaps due to the presence of other impurity
jons in this sample (and possibly all three sam-
ples) and with negative magnetic Grineisen coef-
ficients, However, this small effect in the “pure
Al,0, thermal-expansion “baseline” should not
affect the interpretation of the impurity results
significantly. .

If one takes the recently published energy lev-
els of Cr** in ALO,,” the Schottky specific-heat
anomaly can be computed, the result peaking at

(-
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52 - 2800
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e
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FIG. 2. Thermal expansion of the three samples as
a function of temperature, derived from the computer
fits shown in Fig. 1.
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a temperature of 2,6 K to a value of 20x10°# J
K~! per ion. One only expects the specific-heat
anomaly and the thermal-expansion anomaly to
peak at exactly the same temperature if the
Gruneisen coefficients for each level are the
same, Unfortunately, although estimates of the
magnetic Grineisen coefficients y, have been
made for MgQ:Cr**, no such detailed work has
yet been done for Al,0,:Cr®**, However, it is
anticipated that the system will be qualitatively
similar and in particular that a small negative
value of ¥, will be predicted by the static field
model whereas a large positive value (~ 30 for
MgO: Cr?*} will be predicted by the dynamic Jahn-
Teller model.® Clearly, from Fig. 2, a positive
contribution to the thermal expansion is obtained;
and by using the theoretical Schottky specific-
heat values, a value for the isothermal compres-
sibility'® of Al,Q, of 3.78x 1072 Pa"!, the estimat-
ed total chromium concentration, and an estimate
of 5% for the number of Cr** ions converted to
Cr?* ions by y irradiation (based on low-tempera-
ture thermal-conductivity measurements and ear-
lier work!"), we obtained an admittedly crude es-
timate for y, of ~80 (+ 40).

In conclusion, although we clearly have todo a
great deal of further work, we have observed an
anomaly in the thermal expansion of y-irradiated
Al,C,:Cr which has been interpreted in terms of
a Schottky anomaly due to Cr?*, The anomaly is
positive and large and is consistent with a dynam-
ic Jahn-Teller model. .
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