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ABSTRACT.

The electrical properties of a range of organic liquids
trapped in thin layers has been investigated. The gonduction
mechanisms relevant to such systems of thin liquid layers have been
determined mainly by dielectric measurements.

A short review of dielectric properties, with particular
reference to effects relevany to liquids is presented at the beginning
of the thesis. ~

The development of a suitable measuring cell is described, With
the apparatus, in its final form, measurements could be made over
the tempersture range -SOOC to +50°C. The lower practical limit
on the thickness of the layer is of the order of lum. B

It has been found that, depending’on vonditions, the measured

permittivity of a thin layer of liquid may either be greater or less

than the relevant value for a bulk speciﬁén of the liquid, althoﬁgh“ww“&ﬁ@“

the low values of permittivity must be viewed with & certain amount

 of suspicibn. The marked rise in permittivity found at low

frquency has been related to an interfacial polarization effect.

An approximate solution of the conduction-diffusion differential
equations governing the motion of ionizable impurities has been
advanced, which fits the observed data very well. This theory
enables the mobility and concentration of the ionic impurity to be
calculated from the dielectric respoﬁse, measured at low field
strength. Reproducibility of the measured parameters for a given
electrode material and different samples of liquid wés not good owing
to their:sensitivity to the amount éf impurity present. In view of
this, differences obtained with different electrodes are most likéiy
due to variatiqns in impurity concentration and not to the electrodes

themselves, Stress dependence of the permittivity and loss factor
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" (Garton Effect) have been observed in the case of aluminium electrodes
only and this conflicts with the fact that the experimental results
indicate that aluminlum, silver and gold eléctrodes are all blocking
and thus one should expect to see the Garton.Effect with‘all three
electrode metals. |

An apparent lowering of permittivity below:bulk values has been
found in the case of n~heptanol and Aroclor 1242, However in view
of the limited aﬁount of experimental evidence aveailable this effect
must be viewed with some suspicion. A speculative theory attributing
the effect to a constraint on the rotation of the molecular dipoles
present in the liquid has been advanced. However this theory
requires oriented layers on the electirodes the indicated thicknesses

of which are ugreglistically large, S
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CHAPTER 1

The Context of the Research.

l.1. Introduction.

For a number of years some types of capacitor have been made
commercially by winding together thin sheets of so0lid dielectric
materials with metallic electrodes. The thin sheets of dielectric
have been, for example, various grades of paper tissues o¢r plastics
while the electrodes have been aluminium or tin foils (generally
of thickness 5 or 6 pm.) or mefallized paper or plastics sheets.
Unéer normal room temperature ang humidity conditions, paper contains
approximately 5 per cent by weight of water. Most plastics contain
very little water_but may have some condensed or adsorbed on the
gsurfaces. To improve the insulating properties of such capacitors
it is usual to dry the windings very thoroughly (by heating and
vacuum treatment) and tocfill the internal spaces ("impregnation”)
with well de-gassed purified dielectric ligquids, at temperatures of
about 100°¢C, At room temperature the impregnants may still be
liquid or they may have cooled to jellies or even hard solids. The
presence of such impreénants, especially when still liquid, generally
suppresses internal discharges within capacitors wherever they are
stressed electrically under normal working conditions.

In order to meet modern demands there ig a tendency to concentrate
" on the use of "high K" liquids (relative pefmittivity of the order of
6 or 7 at room temperature) coupled with increased working stresses
and temperatures. VUnder these conditions the mobility of charge
carrying contamination is greater than that experienced with earlier

capacitors in which "low X" impregnants and lower stresses and lower

maximum temperature conditions weres specified.
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During the past few years, work on impregnated papef capacitors
at the Electrical Research Association and elsewherel has shown that
such charge carrying contamination can be involved in the degradation
of electrodes and dielectric materials and that this can lead to
premature failure of ‘the dielectrics under duty. There is a move in
present capacitor technology to use plastic foils in place of some
(if not later all) of the paper tissues in certain designs of capacitor,
However, if in such capacitsrs internal discharges must be suppressed,
then the use of dielectric liquid impregnants will have to continue,
This becomes particularly important whenever stress demands are
increased, Although charge carrying contamination nas beén linked
with failure of paper capacitors, it would be wise also_to consider
the possibility of damaging effects of such contamination on the
electrodes of future impregnated plastic film capacitors under highly
stressed conditions.

In 1941, C.G.Garton of the E.R.A. published a paper "Dielectric
Loss in Yhin Pilms of Insulating Liquids"2 in whieh he related tand
measurements at various electrical stresses to the ionic concentration,
mobility and radius present in certain capacitors. . "Garton Effect”
measureﬁents now are used in determining whether or not capacitors
are suffering from contamination, but it is still not practiqal to
attempt identification of the types of eontamination from these
measurements. _

It was suggested'that it would be very helpful to the capacitor
manufacturing industry if a method of electrical measurément of the
properties of dielectric liquids in special cells or trapped in thin
layers could be evolved in order easily and positively to identify
various types of contaﬁination.

In general, films down to the smallest measurable thickness,

appear to exhibit bﬁlk values of permittivity in the absence of
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relaxation effects. This is bécause the permittivity is determined
by the polarizability of the constituent ions and is very little
affected by structure. A possible exception to this rule might be
the case of a liquid material, such as an oil, with long polar
molecules which rotate into orientation with the applied field.

Un the one hand, because of their widespread use in electfical
engineering, insulating oils have been extensively investigated in
bulk form, while thin o0il films have been extensively studied, from
the point of view of their mechanical properties, in lubrication
engineering. The lubrication work indicates that at thicknesses in
the region of 2um. and less the ?il film behaves as a quasisolid.
Smith3 has demonstrated direétly, by scanning electron micrograph,
that a so0lid guasicrystalline adsorbed layer, of thickness up to
2.5um. may be formed by the o0il on a metal surface in the presence of
fatty acids.

Thus it may be expected that the dielectric properties of the
cil may change from bulk values, st very low thicknesses. In
. particular, if the molecules are polar and the polarization is due to
orientation effects, inhibition of their rotation in the adsordbed
layef may reduce their polarizability. On the other hand, if the
molecules are fixed in position, mechanisms applicable to solids, such
as interfacial polarization, may be expected.

In order to set this work in context of its inception, this
chapter will be concern;d with a brief description éf fundamental
dielectric properties in general and more particularly effects of
relevance to liquid dielectrics. Discussions of individual points
in the published literature on this subject which have particular

relevance to this work are confined to the appropriate later chapters.

1l.2. Mechanisms of Polarization.

A brief description of mechanisms of polarization is given in
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this section. For further information texts, such as those of
reference 4, should be consulted.

It is an experimental fact that if a dielectric material is
ingserted between the plates of a chargéd capacitor the potentisal

difference between the plates falls, Consider a capacitor with

rlane parallel electrodes, having uniform charge density of ¢gon each

electrode and having vacuum as its dielectric. The electric flux
density (D) is given, according to Gauss' theorem, by

D=0 A X (1.1.)
Also, by defirition, the electric field strength (E) is given by

E = D/¢, = 0/€, <. (1.2.)

When a dielectric material of relative permittivity € is inserted,

the electric field falls to E,.

Ed = O’/€'€o (1030)
The change, in field (AE), caused by insertion of the dielectric

medium is therefore

ole'~ 1) (1.43)

AE: €1€°

The value of D, however, remains unchanged.
Therefore the contribution of E to D falls by an amount AE

which, according to 1.3. is equal to Gge'—-l ) . This quantity is
. < []

termed the polarization, P, of the dielectric medium, and the

equation for D is then written

D= &E + P
Where P=og(e -1) (1.5.)
. € [ -

Combining 1.3. with 1.5, gives
P.—;(c'-l)e°E¢: Xe By (1.6.)

where X= (€ - 1) is called the dielectric susceptibility of the

+ mogins 4 7 sy s 21 7 1o
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medium and is given by

X = (Bound charge density)

( Free charge density)
The measurement of the polarization of a material is based on 1.6.
and consists of the measurement of X or in practice of ¢'.

The polarization flux density P is visualized as being inducedA
in the dielectric by the orientation of existing permanent dipoles
within the material, or by the induction of dipoles by separation of
charges within otherwise non-polar molecules or atoms, Thus, on a
molecular or atomic scale, the electric field exhibits large local
variations, and the polarization of a dielectric depends not only
upon the number of dipoles pregént and the ease with which they may
be aligned by an electric field, but also on the local field within
the dielectric, since this will, in general, control their magnitude.
The link between microscopic and macroscopic descriptiohs of a
dielectric medium is provided by assuming the polarized dielectric to
be composed of N elementary dipoles per unit volume, each witn s mean
dipole moment i. Thus, the total moment per unit volume is NJ .
now, in the polarized dielectric, there are P bound charges per unit
area and if we take two such areas, separated by a distance £, the
moment due to a unit area will be _

- p=7PL (1.7.)
For unit distance between unit areas £ = 1 and thereforey = P per unit
volume. Thus the polarization is identical with the electric moment

per unit volume of material and therefore

= N (1.8.)

Fﬁrthermore, m may be assumed to be proportional to a local eleciric
field inside the dielectric. If this is denoted by Eint’ being the
value of the field acting on the dipole, we define

j-l =innt . (1090)

where o¢ is calledthe polarizability of the dipole i.e. is the average
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dipole moment per unit field strength. The dimensions of d are

(seczcoulz) = (farad metrez) = (€m3)
(kxilogramme)
Thus we have
P=(€ ~ l)coE = Nag, .. (1.10.)

This is referred to as the Clausius Equation.

Since & is defined in terms of dipole moment, its magnitude will
ciearly be a measure of the extent to which electric dipoles are
formed by the atoms and molecules. - These may arise through a
variety of mechanisms, any or all of which contribute to the value of
a.. Thus for convenience, it is usual to resolve dinto components
applicable to each mechanism, \

An atom comprises a positively charged inner ghell surrounded by
electron clouds having symmetries determined by their quantum states.
Under the influence of an applied electric field, the electron clouds
may be displaced slightly with respect to the nucleus, causing the
ctoms to take on an induced dipoule moment, This induced moment is
equivalent to an assembly of dipoles produced by elastic displacement
of electrons, thch have natural frequencies, equal to or higher
than, those of visible light. The strengb® of the induced moment,
Hy o for an atom is proportional to the local field in the region of
the atom and is given by , A )

B, =G B o (1.11.)
where a% is called the optical or electronié polarizability.

In cases where electronic polarization alone operates, it was
shown by Maxwell that an identity exists between the square of the
refractive index and the relative permittivity. This provides a
useful test fof.the relative importance of electronic and other types
of polarizability.

In diatomic molecules composed of two different atoms the nature
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of the iﬁteractions between the atoms causes redistribution of the
electrons of the outermost valence shells with a resulting permanent
dipole moment aligned along the direction of the chemical bond
between then. The distribution will be axially sywmetrical (for
diatoﬁic molecules) around the line joining the nuclei, and the
dipole will be in the direction of this line. Molecules composed
of similar atoms, by virtue of their symmetry have no permanent
dipole. Polar molecules having a dipole moment may interact with
an applied field in two distinct ménners, either by elastic dis-
Placement of *he charges, or by rotation of the whole molecule
resulting in partial or complete alignment of the dipole with the
field. These interactions give rise to the atomic and orientational
(or dipole) polarizabilities, @, and @; respectively. The atomic
polarizability corresponds to oscillations ;ith natural frequencies
in the infra-red and gives rise to the infra-red absorption spectra,
while orientational polarizabilities become effective in the radio
frequency'region of the électromagnetic spectrum. Clezrly the atoms
of polar molecules will also exhibit electronic polarizability.

These three mechanisms of polarization, charactérized by an
electronic polarizsbility d%, an atomic polarizability da, and an
orientational polarizability aa, are due to charges that are locally
bound in atoms, in moleculés, or in the structures of solids and
liquids, in addition , carriers that can migrate for some distance
through the dielectric usually exist. When such carriers are
impeded in their motion, either because they become trapped in the
material or on interfaces, or because they cannot be freely discharged
or replaced at the electrodes, space charges and a macroscopic field
distortion result. Such g distortion ﬁppearé to an outgide

observer as an increase in the capacitance of the sample and may be

indistinguishable from g real rise in the dielectric permittivity.
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Thus we have to add to our polarization mechanisms a fourth one, a
space charge (or interfacial) polarization, characterized by a space
charge (or interfacial) polarizability ai. Assuming that the four
polarization mechanisms act independently of each other, they can be
lumped together in a phenomenological constant @, the polarizability,
given by

= a, +a, + & *+ & (1.12)

vhere each term may again represent a sum of contributions.

In Eq. 1.10, it was taken for\granted that the p&larizability'a
is a real quantity. Actually, in alternating fields, a temporal
phase shift may occur between thé driving field and the resultant
polarization, and'a loss current component aprears, Thus « becomes
complex and Eq. 1.10 has to be replaced bi’the more general
formulation / . ?

P = (g* - 1)€,E = NGB, _, (1.13.)
where C* is the complex permittivity.

Dielectric materialé may then be classified according to which
types of polarizability they exhibit. Those which have only
electronic polarizability and show variations of perﬁittivityrin the
optical range of frequencies only are termed non-polar, while those
molecules with permanent dipole moments are termed polar or dipolar
according to whether polarization is entirely due to elastic dis-
placement of the dipoles, or whether rotation and orientation are
also possgible.

0f the four possible polarization mechanisms only orientational
and interfacial polarizabilities can be expected to be affected by the

thickness of the material.

1.3, Static rermittivity and bipole moment.

The static permititivity of a gas may be accurately calculated by
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means of the Debye equation” from the molecular polarizability and
permanent dipole moment. The Debye equation may be used to calculate
approximate values of the molecular dipole moment from the
permittivities and densities of dilute solutions/of the polar
molecules in non-polar solvents. The small difference between

these approximate solution values and the gas velues may be calculated
correctly as to magnitude and sign by the equations of Higasis, of
Conner and Smyth7, and of Rocs and Sacka, but none of these equatiéns
takes strict account of all the factors involved. The Debye equation
is not applicable to pure.polar liquids, but the Onsager equation9
gives the approximate relation between the permittivily of a normsal
polar liquid and the molecular dipole moment. The dipole moment
value calculated by it from the permittivity of the pure liquid is
commonly only a little less approximate then the uncorrected Debye
solution wvalues,. Kirkwoodlo introduced a factor, into the Onsager
equation, to take into account the xestriction of molecular orient-
ation by neighbouring moleculies. In the usual absence of knowledge

of liquid structure this factor is unknown and useful only as an

empirical constant.

1.4, Orientational Polarization and Relaxation Processges.

Permittivity, é = €r€o is defined as a property of a dielectric
medium by means of Coulombs law, where €r igs the relative permittivity.
If a parallel-plate capacitor has a capacitance Co with vacuum as its
dielectric and the space between the plates is filled by a medium of
pernittivity €r then, neglecting fringe effects, the capac¢itance
becomes

C=¢€C (1.14.)
When an aiternating electromotive force of value v is applied across

the‘plates of the capacitor an alternating current i will flow , its
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value being

i=jwelC v (1.15)
provided that the dielectric is a "perfect" one. In general,
however, an in-phase component of current will appear corresponding
to a resistive current between the capacitor plates. Such a current
is entirely due to the dielectric medium and is a property of it.
We therefore characterize it by a component of permittivity by
defining the relative permittivity as

€r == €' Lo je" > . ’ (1.16)

The current in the capacitor then becomes

1= jw(er - je")Cov =we"C v + jwe'C v (1.17.)

and it has a real component. The magnitude of €" will be defined by
the magnitude of the in-phase, or "loss", component of the currenf.
It will be noted that this mode of definition requires no statement
as8 to the type of loss mechanism envisaged in the dielectric.

I+ is conventional to describe the performsnce of a capacitor in
terms of its loss angle §, which is the phase angle between the total
current i and the purely quadrature component ic. If the in-phase

component is iL then

1] = (a2 +]1,] ®?

and tan § = IiLI = me"Cov '
|i ! we'C v
c o] -
i.e. tand = €" o (1.18)
€V

Eq. 1.17 may be regarded as the definition of €" and, at the same
time, indicates the basis of its measurement, When the dielectric
medium is AIOSs-free", €" will be zero.

It is sometimes convenient to use the concept of dielectric
conductivity. The capacitance of an air-filleq (vecuum), parallel-

plate capacitor is
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With an applied alternating electromotive force of v and a dielectriec

between the plates, the current is given by

i=jue - je")geov
d
but the electric field strength E = v/d and the current density
J = i/A, Therefore
- = 1 n
J jwcoe E +w€°€ E
Now by definition, the conductivity (which may be complex) is the

ratio J/E and thud

J/E = jwe €' +we € (1.19.)

In the dielectric, however, the imaginary part is already
accounted for by the capacitance. Thus a dielectric conductivity
may be defined as the real part of the ratio J/E in Eq. 1.19.

fee. 04 =we en (1.20.)
Dielectric conductivity_represents the sum of all the loss mechanisms
in the material and is a measure of the performance of a dielectric
as an insulator.

In general, the electric flux density, D, resulﬁing from an
applied alternating field E differs in phase from E. This is due
to the inertia of polarization which, when the frequency becomes
high enough, cannotlfollow the field variations, giving rige to a
"relaxation™ of the measured permittivity.

This behaviour may be stated formally by an equation of the type

e(w) = €4 +j\°ocr(t)e'jwtdt (1.21)
in which €wx is the value gf permittivity at infinite frequenecy
(which is a consfant), and @(t) is some sort of decay factor accounting
for the lagging of polarization behind the applied field. Clearly
a(t) will.be connected with the total permittivity such thaﬁ it can

be put in terms of the real and imaginary parts ¢' and €", Also

Eq. 1.21 .requires that a(t)—> 0 as w—yc0since €{®) =€ as w—> 00 .
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Since it accounts for the lagging of D(w) with respect to E(w),
a(t) must describe the decay of polarization after the sudden removal
of a steady field. It will also describe the increzse of polarization
‘towards its equilibrium value when a steady field is suddenly applied.,
It may therefore be summarized as being related to the time constant
of polarization of a dielectric.

Debyesﬁ proposed an exponential form for the decay factor

®(t) = a(o)e~¥/T | (1.22.)

where Tis a relaxation time, characteristic of the dielectric, which
_may be a function of temperafure but not of time.

Inserting this into Eq. 1.21. we have

.. € () = €n +j alo) @Y Tt (1.25.)
0 B 4 -
€ (W)= €0+ —ﬂQ-L (1.24.)

I/r-jw

Atw =0, €r(w) = €s and we have
| €& = € + r «(0) o (1.25.)

Putting Eq. 1.25. into Eq. 1.22. gives

alt) = L&:-_Sw;)_é_t/'r (1.26)
- .

while using Eq. 1.26. in Eq. 1.21. results in

€,,(oo) —e, +f!es;€w)e-—t/‘rejwfdt

¢ .8 €g v € .
Therefore e,.(w): € —‘J€ = €+ ‘I_S_TJ‘;% - (1.27)

Equating real and imaginary parts in Eq. 1.27. gives

' €~”: (€ — o) ‘ ‘ (1.29)
o ; |
and ~ tan § = L= (€= C)uT ~ (1.30)
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Equations 1.28 to 1.30 are known collectively as the Debye equations.
This treatment makes no specific reference to the mechanism resulting
in an exponential decay factor and there are several models which

will account for this tyre of behaviour. For example, the potential

4a

double well model, described by Anderson assumes a collection of
non-interacting particles, each of which has two possible equilibrium
positions, separated by a high potential barrier. Such a model
would apply, for insbtance, tuv a dipole having equilibrium positions
corresponding to its axis being at\OO and 180°% o some given direction.
Dielectric relaxation, in which the frequency spectrum of

permittivity is in general agreement with the Debye frrmulae, is

often found in dipolar liquids. This suggests a mechanism of
polarization involving an exponential decay factor and Debyeg‘
proposed a model for this. Since, in a 1lijuid, the molecules are

not in fixed positions, it may be imégined that if one molecule

turned from its equilibfium position, its neighbours would rearrange
themselves to make the new pusition an equilibrium one,. their
average motion might be described by treating them as a continuous
medium, exerting a viscous frictional damping force oﬁ the original
dipole. .If the dipolar molecule has radius a and moves in a
continuous viscous fluid of viscosity n, the frictional -constant ¢ .is
given by Stokes law as | 7

¢ = §aga® _ © (1.31.)
If a field is applied, at an angle & to the axis of the dipole, a

torque will be produced on it such that

M= a%’ _ (1.32.)

and the dipole will align itself with the field at a rate dependent upon
the friction factor {. However, the molecular dipole is élso subject

to thermal fluctations (Brownian motion) which affects the rate of
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change of angle when the field is applied. Debye took account of
this in his calculation and was able to deduce an expression for the
relaxation time:

T = /KT = 4ana’/kT (1.33.)
or T = 3qV/kT | (1.34.)

where V is the volume of the molecular dipole. To obtain an absolute
value for 7 it is necessary to know the volume of a2 sphere having the
same frictional constant as the dipolar molecule, which is not
necessarily the same as the molecular volune. Thus it is not to be
expected that Eq. 1.34 will predict accurately the experimental values
Qf relaxation time. However some agreement is obtained; for water
= 0,01 poigse at room temperature and the molecular volume is
approximately 3.5 x 10"23cm3., leading to a relaxation time

T~0,25 % 10"1%ec..  Since the maximum absorption (€"max) occurs at
an angular frequency w = 1/7 , we should expect relaxation in the
regior of lOlOHz., which is in agreement with experiment,

An interesting feature of Bq. 1.34 is its prediction that the
variation, with temperature, of relaxation time, T, should be the same
as that of the coefficient of viscosity, 1, divided by T. Experi-
mentally 5 is related to temperature by

7 oC exp(Hn/kt)

where Hﬂ is a constant for a given liquid. Thué we may predict

'roc-% exp(Hn/kt)

and this may be experimentally tested.

1.5. Permittivity of Pure Ligquids.

1.5.1. Non-polar liquids
‘The permittivity of non-polar liquids is determined by the liquid

density and by the atomic and electronic polarizationms. The Clausius-
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Mossotti equation predicts ; constant molar polarization,
€ -

P = (—é—;—;—-)% = ﬂ’—g——N(ae"'aa)
and adequately represents the permittivity changes produced by
changes in the liquid density. Over limited temperature ranges the
permittivity is linearly related to temperature

«(1,) =¢(1,) - a(T, - 7,)

Contrary to the predictions of.the Clausius - Moseotti theory,
the polarization is dependent on the molecular state, and is smaller
in the liqui¢ than in the ideal gas phasell. Deviations of the
polarization of gases from a constant value with increasing pressure
are explained by fluctuation effects and by changes in the polariza-
bility of molecules caused by intermolecular interactions at high
pressures. With increasing pressure, intermolecular interactions cause
the polarizability to increase to a maximum and then to decrease when
repulsion forces between the interacting molecules become significant.
In liquids, fluctuation;effects are largely suppressed., and the
polarizability is less thaﬂ in the gas phase, because of the increased
intermolecular interactions produced by the higher density. |
1.5.2, Polar liquids,

Calculation of the molecular dipole moment using the Debye
equation gives values which are usually very different from those
obtained from measurements in the gas phase. Intermolecular inter-
actions in liquids produce deviations from the simple conditions
envisaged by Debye, whose version of the internal field is now

9

seriously in error, The Onsager equation” gives a more satisfactory

representation of the molecular dipole moment in non-associated
liquids. - For associated liquids, the Kirkwoodlo and Frahlichl2

treatments are more appropriate but require a detailed knowledge of

the liquid structure before the correlation parameter g may be
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calculated. The use of nD2 in the Onsager, Kirkwood and Frdhlich
equations is strictly incorrect, and it should be replaced by €y .

For non-associated systems, €, is approximately 5 to 10% greatexr than
nD2. For as§ociated systems, few egstimates of €, are available, and
it is usual (erroneously) to use nD2 when evaluating the dipole moment,
The Onsager values for non-associated liquids agree with the gas:
values as well as do those from dilute solutions. The dipole moments
of rigid molecules calculated by using Onsager's equation should be
temperature~independent, but this is found not to be strictly true.
Better agreement between the gas and liquid dipole moments is obbained
when Onsager's spherical cavity is replaced by an elllipsoidal cavity
of the same volume, with the dipole directed along one of the
principal axés. If the volume of the cavity is temperature-indepen-
dent, the modified Onsager equation gives a good representation of
the temperature variation of permittivitle. Unfortunately

calculations using the ellipsoidal-cavity model are complicated, and

have not been widely used.

2

1.5.3. Hydrogen bonded liquids.

Short-range interéctions described as hydrogen-ﬁonding align
the moleéules either into chain-like structures (e.g, water, alcchols)
or into anti-parallel arrangements (e.g. carboxylic acids). The
atomic polarization increases,‘and in the latter case the orientation
polarization decreases by mutal cancellation of the individual
molecular dipoles, producing a liquid permittivity smaller than that
calculated for a non-associating liquid of the same dipole moment.
These short-range interactions are included in the Xirkwood and the
Froéhlich evaluations of the permittivity by the correlation factor g,
which may be calculated if the liquid structure is known. Oster and
Kirkwoodl4 assumed the presence of infinitely long hydrogen-bonded

chains in alcohols, each alcohol molecule having two nearest neighbours,
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Assuming free rotation about the hydrogen-bonds, calculations gave

g = 2.57 for normal alcohols, resulting in the values shown below

Alcohol es(calc.) €S(obs.)
Methyl 29.2 | 32.8
Ethyl 21.3 24.6
Propyl 17.3 19.5
Butyl 14.6 18.0
Pentyl 12.8 15.8

Because ¢f the lack of information concerning the stfucture of
liquids, most evaluations of g are made by comparing the effective
dipole moment (g%p), calculated from the Kirkwood equation with the
ﬁolecular dipole mdment (#), obtained from gas-phase measurements.
The absolute magnitude of jhe g factor is not of great significance
because of the uncertainty in the value of n2 used in the Kirkwood
equation, but the variation of the g factor within a series of
measurements is often of.structural value. The g factor for ethanol
decreases from 3.34.at -133°C to 1.87 at 22700%5, showing the
decréasing association with increasing temperature. . In the alcohols
hydrogen-bonding decreases in the series normal butyl, secondary
butyl and tertiary butyl alcohol. The g factors decrease in the
séme order. |

Pernittivity measurements are used to evaluate equilibriunm
constants in agsociated systems. Assume a molecule X associates into
a series of multimers according to the equilibrium

Xn * X1 = Xn+1

The equilibrium constant K = C /CnC1 is assumed to be independent

n+1l

of n. If CO is the gross concentration measured as monomer then

Co :—_niin C.= C/(I —-Kc,)z
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The Kirkwood equation and the vapour dipole moment give the overall
g factor for the liquid, which is the weighted average correlation

factor for all the individual species in the liquid. This has been

15 17

evaluated for alcoholsls, N gsubstituted amides and linear multimers™ ",
The correlation factor for a linear chain of multimers equals n, the

number of molecules in the chain, and the weighted average correlation

factor is
- o] IC
g = LY 7d
G, | -KC,

This leads to KC_ = (g2 - 1)/4, and a plot of 1og(g2 - 1) against 1/T
should be linear with gradient proportional to AH, the heat of

asgsociation,

1.6, Dispersion and Absorption in Liquids.

First anticipations are that a non-polar liquid will show no
dielectric absorption. This, in practice, is correct to a very high
degree of approximation, but there are important qualifications.

Impurities in the liquid will give rise to apparent loss values
in two regions. At low frequéncies a significant lqss factor will

appear as a result of conductivity. A conductivity of ¢ = 1 x 10712

ohn~ten™! will give

(" x £) = 1.8 x 1072

where £ is in Hz. This is the minimum conductance-loss to be
expected for non-polar solvents (e,g. benzene) in equilibrium with
atmospheric moigture. Very careful drying and subsequent handling
will move the conductance of hydrocarbons (n-heptane, cyclohexane) -

14 ohm’lcm_l. Small traces of moisture

down to the region ¢=1 x 10~
have a large influence on the conductivity wvalues, not only because
water itself is a conducting species, but also because it will almost

invariably increase the concentrations of ions in the medium. In

addition the non-polar molecules may undergo some minute degreé of
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self-ionization, and current carrying ions will appear in a back-
ground of cosmic~rays and other radiations. Because of their
chemical stability and poor solution powers, the saturated hydro-
carbons readily give low conductances @Ghlorinated hydrocarbons
(carbon tetrachloride, tetrachlordethylene, etc.) suffer ultimately
from the less stable character of the (C-Cl) bond. In this regard,
the perfluorinated solvents prove more acceptable.

Any polar impurity will contribute its §wn loss to a solvent
being measured. Tne order of magﬁitude of this contribution can be
gauged in terms of €;ax’ the maximum value it will give rise to at
wT = 1., Near room temp:raturean impurity having dipole moment u (D),
and a concentration of C (g. mol. litre-l) would have

€h,e ~ 60x107°0*C :
For water (u = 1.85D) at a volume fraction of 1 x 1072, i.e.
¢ = 5.5 x 1074, the value 1s €, ~1.1 x 1074, |
Accordingly, particular care in preparing and handling solvents is
needed if impurity losses qf this order are not to be encountered in
the microwave region.

Of far greater significance than the residual losses due to
impurities is the finding that typically non-polar liquids do show a
real absorption, albeit a very small one, in the microwave regian.
Barly measurements18 using such solvents as benzene showed an apparent
residual absorption, and this was thoroughly confirmed by Whiffenl9.

Whiffen suggested that the absorptions were due to the presence of

temporary collision-induced dipoles of the order of 0.1D having an
12

effective relaxation time c. 1 x 10 sec. (irv7cm-l) determined by
the time between collisions in the liquid., The polarization relaxes
not by dipole rotation but by changing configurations of the moiecular

encounters which have given rise to it. In spectroscopic terms it
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represents a breakdown of the selection rule forbidding absorption
of microwave energy by a non-pdlar molecule. However, the appearance
of absorptions forbidden by isoleted molecule symmetry is a frequent
occurence in infra~red liquid spectra. In molecular dynamics it
represents the limited rigidity of the structure whose non-polarity
arises from a symmetrical pattern of polar bonds.

The majority of liquids formed by polar mélecules lacking obvious
flexible dipole elements give single dielectric absorptions, often
conforming very well to the simple relaxation pattern of Debye.

Most such liquids give an absorption with €;ax occuring between 0.1
1

and 10cn .

Debyes original model led to the expression

T=ﬂn -
kT

for relaxation time, where V =lv01ume of rigid polar molecule and 7 7is
an "effective” viscosity of the medium. Debye established at a very
early stage20 that the latter is significantly different from the
macroscopic viscosity. From data obtaihed by Poley21 and estimated
Van der Waals molecular volume imply that n(effective)~ 0.19
(macroscopic) for molecules of the type C6H5X (substituted benzenes).
Limited guidance on the variation of relaxation time can be

gought from T= 3Vpaccording to Fischer22 by using 7(effective) =
kT

s. n(macroscopic),.where s itseif varieg with the system considered
but is c.0.3. for such molecules as chlorobenzene in common organic
gsolvents. This limited use implies equal temperature coefficients in
any one medium of 7 and 3. Even over as restricted a range as 20 to
60°C, the ratio 7/7 for pure polar liquids may vary by 20 per cent23.

Dieléctric relaxations are rate processes, and the relaxation

timé is the reciprocal of a mean rate coefficient . Such molecular
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rate processes usually follow the temperature law associated with the
name of Arrhenius, the origin of which is the Boltzmann energy-
distribution function. The Arrhenius relation for rate coefficients
is k = A" exp (AH,/kT)
or T =A exp (AHA*/kT)

Here A (=1/A) is a numerical constant, andcﬁz is the Arrhenius
activation enthalpy. (An enthalpy value is given when rates are
measured at constant pressure rather than constant volume, which
would give rise to the closely similar energy term. Because of the
small differenze (AH* - AE*) in these acti&ation terms, the usually
measured enthalpy term is frequently referred to as the "activation
energy") Whilst the Arrhenius equation assumes A to be independent
of temperature, different models of rate processes incorporate a ;
power of T, varying with the model, in the term A: bdut such is the
Predominance of the exponential factor, which they all share, that it
is not easy to discriminate between them.

Over the usual température range of about 100 deg.C or less,
meny polar liquids and solutions of polar molecules will show scarcely

any signifiecant deviation from the Arrhenius relation.

1.7. The Role of "Structure" in Liquids.

Models based on systems of rigid dipoles of such a character
that little specific interaction between one molecule and its neighbour
arises lead to the simplest pattern of dielectric dispersion. The
situation changes appreciably when hydroxyl-containing molecules are
considered. Such molecules are known to have appreciable mobility
of at least a large part of the total dipole within the molecule:
thus, in the alcohols or phenols, the (OH) group is able to rotate
about the axis of the (c-0) bondA(Fig. 1l.la.) which joins it to the

molecular skeleton . An approximate representation of the polar
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Figure lla. Rotation of hydfoxyl(OH) group
about o (C-Q) single bond.

Figure ILb.Chain association of hydroxyl groups
in hydroxylic compounds.
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- elements concerned emphasizes that perhaps 80 per cent of the total
observed moment could relax intramolecularly. However, in the liquid
phase, another over-riding factor dominates the situation. The
hydroxyl groups of different molecules (sometimes two such groups
within the same molecule) interact with one another, forming a
hydrogen~bond, which links the molecules together. This hydrogen-
bond develops essentially between the hydrogen atom of one hydroxyl
group and the (2p2) lone-pair electrons of another hydrox;sl oxygen:
its energy, of the oxdexr of 5K cal.mole-l, restricts the mobility of
the hydroxyl groups, and as the bonding car continue through a chain
of such groups (Fig. 1.1b) considerable 'structure' is produced in

the liguid. The equilibrium in the association of such molecules,
nROH;ﬁ'(ROH)n is a dynamic one, and a range of values of n, i.e, in
the complexity of the multimer (ROH)n is usually encountered.

Clearly water (and hydrogen peroxide HO-0H) will represent a limiting
state of such interactions.

The alcohols, of which there is a considerable variety, have
attracted a great deal of study of their dielectric dispersion. In
gsome of the first significant work to follow Drude's24 ploneering
neasurements, Ivlizushilnaz5 examined the alcohols . French workers
(from?Girard and Abadie, 19%2) took an interest which still continues,
and work of R:H.Cole and his school, which has made an intensive study
of these systems, provides a major contribution to a pattern which
illuminates not only these processes of dieiectric absorption but
also some general aspects of the liquid state. |

There are three major aspects of dielectric studies of the.
alcohols: firstly, the precise representation of the form of the
main absorption: secondly, the questién of the occurence of subsidiary
high~frequency processes; thirdly, the temperature behaviour of the

absorptions. It may be mentioned that these aspects, which arise in



-31-

the case of any polar liquid, have received detailed study in the
alcohols for sound practical reasons. The alcohols are reluctant to
crystallize; so they can be studied in the liquid (and supercooled)
states over a wide range of temperature and, especially at lower
temperatures (T <.200°K), the major dispersion, which is of
considerable amplitude, is all within the frequency range of precise
bridge measuremeﬁt.

Certain associated liquids supercool éasily and have a super-
cooled condition viscosities which class them as glassy solids rather
than normal liquids. The most interesting liquids in this group

are glycerol, C (OH)3 and related liquids, and mixtvres of

375
chlorinated diphenyls. The latter are of commercial intersst, and
known under trade-names such as "aroclor" -and "pyranal®, B
The chlorinated diphenyls are ﬁseful iapregnants for paper
capacitors because they combine a fairly high permittivity with
.chemical stabilityzs. They are mixtures based on diphenyl ,

06H .06H and have substitutzd chlorine atoms in varying numbers and

5 5
positions. Under the trade name Aroclor they are graded so that the
last two digits of a four-digit code give the weight-percentage of
chlorine.. For instance, type 1242 contains about three chlorine
atoms per molecule.

The Aroclors have moderately wide relaxation peaks of the skewed
type27. The viscosity as a function of temperature shows a linear
relationship between logn and l/T3 at low temperature. The pressure
dependence of the relaxation time is also exceptionally large. |

The complicated rglaxation behaviour of the aroclors may he
appreciated in terms of structure, in so far as one may expect that
different forms of clustering may be possible and thermoégynamically

about equally favourable. The chlorinated diphenyls can twist

about the carbon-carbon bond joining the two rings, and the average
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configuration of the two rings will in general be diffefent for
different isomers. The C-Cl groups are dipolar, and may form
hydrogen—bonds28 with adjacent C-H groups. Since aroclors are
mixtures of isomers and of compounds with different chlorine contents,
many patterns of short range order seem possible, and external
varliables such as the pressure may exert a strong influence on the

structure.

1,8, Conclusions,

~

The foregoing equations are fundamental to'the meagurements
described in this thesis.

The exéeriments were devised to investigate the extent to which
a dielectric film could be reduced in thicknessfbefore its dielectric
properties are affected, and to determine the dielectric proPertiéé
of very thin films. The work is described in detail in the following

chapters.
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CHAPTER 2

Experimental Technigues.

2.1, Introduction.

It is immediately apparent that one of the major difficulties is
to produce a thin film of 1iquid.upon which electrical measurements
may be made. Several types of measuring cell were developed and
these will be described below together with an evaluaticn of the

performance of each system.

N

2.2. The Mercury Squeeze Film Cell,
1

Smith™ in his work on boundary layer lubrication developed a
mercury squeeze film viscometer and it was thought that this type of
apparatus could be used in the present work. Tﬁe squeeze film
apparatus comprises two different forms, namely the "plate™ apparatus
and the "ball"™ apparatus. These two forms will be described
separately.

Z.é.l. "Plate" apparatus.

The cell consists of a glass chamber closed by a removable plate
(see Fig.2.1.). The front plate has a pattern of thin metal electrodés
on the inside surface. These electrodes were deposited by esvaporation
and condensation in vacuum. Connection to the electrodes was made
via wires cemented with conducting epoxy resin into small holés
drilled through the glass front plate.

In operation the cell is filled with £ﬁe liquid to be tested and
left for a pericd of time (of the order of 15 to 20 minutes) to allow'
the liquid time to adsorb onto the surface of the electrodes. The
liquid is then displaced by introducing mercury from the reservoir
into the cell, trapping & thin layer of the liquid between the
mercury and the evaporated metal electrodes on the glass front plate..

Connection to the other side of the liquid film is mede via. the
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Figure 21, The Mercury plate Apparatus.
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mercury iﬁ #he reservoir,
" 2.2.2. The "Ball" Apparatus.

The principal of operation is the same as the "Plate" apparatus
but the form is slightly different. With reference to Figure 2.2, one
electrode comprises a steel ball, which is approximately one half inch
in diameter. This ball is suspended from a wire which zlso carries
a guard coil, whose function ié to protect the ball and film from
damage. The cell consists of a small glass tube contalﬁing mercury
covered by a layer of the liquid ﬁﬁder investigation. The ball is
lowered below the liquid into the mercury. As with the "Plate® form
of the apparatus the second electrode is formed by the mercury.

2.2.3. Disadvantages of the Mercury Squeeze Film Apparatus.

The first and most serious objection to the mercury Squeeze
Film Apparatus is that it is difficult to measure the thickness of tha.
liquid film. When this apparatus is used as a viscometer, capaci-~
tance measurements are made to determine the thickness of the liquid
layer and from the'workAdone by Smith1 it is apparent that film
thicknesses as low as a few tens of Kngstrom units are obtained.
Howéver, for the purposes of the present work we reqﬁire to know
accurately both the capacitance of the system and the thickness of the
liquid film independently of one another. It is possible to measure
the thickness of the liquid layer by a lasexr interferometric techﬁique
for the plate apparatus but not in the case of the "Ball” sapparatus.
Despite this the problem still remains that in order to deduce the
pernittivity of tﬁe liquid layer the following assumptions must be made
l; That the refractivé index of the thin liquid film is the same as>

that of a bulk sample of the liquid. This is & not unreasonable

assdmption and any error introduced will be small,
2. That the geometric electrode area is the area to be uséd\in

calculating capacitance. This assumpticn is not too unreasonable-
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Figure 2.2 The Mercury Ball Apparatus.
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in the case of the "Plate" apparatus where the glass front platg

is flat and smooth, but even so the effe;ts of strayAcapacitance

have to be allowed for. In the case of the "Ball" form of the

apparatus the correlation between ;real" area and geometric area
will depend on the surface finish of the sieel balls.

As mentioned before the film thickness obtained with this form of
apparatus is in the range <100} to 20,000R. The thickness of the
film depends upon the 1iqui& used, the hydrostatic pressare due to the
mercury and the temperature. For a given liquid the pressure and
temperature can be controlled but ths variation in film thickness
obtainable is limited.

Ogly in the "Plate" form of the mercury squeesze celi is it posSible
to mﬁke film thickness measurements independently of the capacitance
meagsurements, but unfortunately the "Plate” apparatus does not adapt
itself well to use at temperatures oth;r than ambient. The temperature
of the "Ball" apparatus can be varied easily by placing it iﬁ an oil
sath, but the thickness of the film cannot be measured.

Another consequence of the very thin films produced.is that their
breakdown voltages are small. Diffiqplty was encountered in making |
capacitance measurements since the films broke down even with the lowest
practical measuring voltage. Low frequency measuremeqts were made
on the samples using a Wayne - Kerr type B221 Transformef Ratio
Arm Bridge. The voltage applied to the sample with this kind of
bridge depends on the capacitance range being usedy which is in iurn
dictated by the capacitance value'mf the sample. By using an
external oscillator and éetector_it ig possible to control the applied
~voltage on any rahge.by varying the input voltage to the bridge, but
-the‘lower limit, which is set by tﬁe sensitivity ofJandfthefhoise
generated in the detector (General Radio, Tuned Amplifier and‘Null

Detector, Type 1232-A), was found %o be too high for the thinner films.
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A consideration of the principal of oﬁeration of the transformer
ratio arm bridge (see Appendix I) will show that an alternative

method exisits. for reducing the voltage applied to the sample but the

but the system must be designed to operate at one particular frequency -

and must be calibrated carefully before use and therefore its use is
severly limited,

In view of the above arguements, along with several more minor

points, it was decided that this form of apparatus was quite unsuitable

for the work envisaged.

2.3. The Micrometer Cell.

This cell represented the first attempt to overcome some of the
disadvantages of the mercury squeeze film apparatus. A diagram qf
the cell is shown in Fig. 2.3 and it can be seen that this cell again
has an optically flat plate upon which an electrode may be deposited
by evaporation and condensation in vacuum, In this case there is a
single electrode, approximately lcm. in diameter, Since a circular
electrode is used in this cell a guard ring can also be deposited on
the glass helping to reduce stray capacitance effects.‘ The body of
the cell was made from stainless steel and is fitted with a micrometer
gauge head which carries the counter electrode.

The electrode'spacing can be altered by means of the microﬁeter
screw pushing against the counter electrode. This counter electrode
can be made from any material required and silver was used in the
prototype. The first major difficulty encountered with this cell was
. concerned with producing a surface which was sufficiently smooth and
flat to permlt 1t to be brought into close proximity to the evaporated
electrode on the glass front plate without asperities causing short
clrcﬁlts. Quite a good finish could be obtained with the silver

electrode by diamond lapping but becauée silver is a soft metal the
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lapping process tended to remove more material form the edges than at
the centre and so a surface was produced that was flat over fhe
central section but fell away towards the edges Qf ﬁhe electrode.

It was decided that a lapped finish would be suafficient to test
the viability of the cell and that if need be more refined finishing
techniques such as electropolishingz could fe tried. This cell has
the great advantage that the capécitance of the electrode assembly
may be measured with air as dielectric and then with the liguid
added thus giving the relative permittivity directly from the
relationship €' = cliquid / Coipe

The electrode spacing may be measured by an interferometric
method. The evaporated electrode is made semi-transparent and the
spacing measured using "Fringes of Equzl Chromatic Order (see
Appendix II). The angle between the two electrodes mayvbe ad justed
by means of the three screws which clamp the front plate to the cell
and zero angle (i.e. eiéctrodes parallel) can be detected by the
shape of the interfereﬁce fringes.

In practice it was very difficult and time consuning to adjust
thé cell correctly and the smallest electrode spaciﬁg obtainable
was about 10pm. Presumably better results could have been obtained
by improving the surface finish of the counter-electrqde; but it was
realized that a simpler solution would be to use two optically flat

discs furnished with electrodes and clamped together with a suitable

spacer,

2.4, Cell Systems using Optical Flats.,

It was thought that ﬁsing two optical flats with evaporated
~electrodes should reduce problems due to surface irregularities. In
its firsr form the cell éonsisted of two glasé discs 25mm; diameter

witlr electrodes approximately 7mm. diasmeter. On one glasé disc a
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spacer layer of Si0 was evaporated as shown in Fig.2.4. Several
discs were produced with various thicknesses of Si0 films in ihe
range 0.5im to Sum. The metzl electrodes were made semi-transparent
to permit the use of multiple-beam interferometry to measure their
spacing. Several difficulties were encountered with this set-up

two of which were fairly serious. Firstly, it is difficult to
prepare Si0 films greater than aéout lpym thick without introdﬁcing
mechanjical stresé which, ultimately, results in the film cracking,
especially if the cell is temperaéure cycled. | Secondly the glass
discs used were only lmm. thick and the clamping system used 4% caused
them to flex, resulting in non-uniformity of the electrode spacing
and poor stability of the spacing with temperature variations.

The above system then, although an improvement on previous -
attempts, is rimited in the temperature range over whiech measurementsl
coﬁld be made and also the range of thickness that could be covered.
It was decided toyimprove these features by ﬁsing nuch thicker
optiecal flats (13mm.). A further improvement wag effected by using
rectangular flats and forming an optical wedge as shown in Fig.2.5,.
The optical flats used were 10cm. x 3.5em. x l.3em. and had 45°
chamfered é&dges on one face. This face was flat to within one
eighth of a wavelength of the mercury green line over its whole
surface. A pattern of electrodes was deposited on this face, and
connection could be made to the electrodes where they extended onto
the chamfered edges. The two flats were clamped together, with
spring loaded clamps, with a suitable spacer at one end thus forming
a wedge, The spacer ;;ed in most of the eiperiments wags a plece of
mica cleaved to a thickness ~~ 20um.

In fhis way several capacitors with diffeient electréde spacing

were formed and this represents a considerable saving in time and

effort over the previous system whereby only one thickness at a time
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was realized. The use of an optical wedge also simplifies
considerably the technique for measuring the electrode spacing.

With an optical wedge "fringes of equal thickness™ may be
formed simply by illuminating the wedge with monochromatic light.
The fringes are localized within the wedge and so can be focuésed
upon with a microsqope. The optical set up for thickness measure-
ments is shown in simplified form in Fig.%.6.

The cell was illuminated by a mercury iamp fitted with a green
filter which only allows the mercury green line ( A= 5461 2) through.
The "mono-chromatic" light is arranged %o fall, at normal incidence,
onto the cell system thu; producing localized fringeg within the
wedge. The:ftinges were observed by means of a travelling micro-
scope and a half-silvered mirror placed betﬁeen the light source and
tﬁe wedge. Ly uéing a fravelling microscope the fringe spacing may
be measured.

The procedure for measuring the electrode spacings is then as
follows. After deposition of the electrode patﬁerns on each glass
block, they are assembled with the spacer placed at one end between
them to create the wedge. Care must be exercised fo ensure that
dust is excluded as far as is practicable when assembling the wedge,
also contamination from finger marks etc. is to be avoided at all
'costs. )

The assembled cell is then placed under the mercury lamp and
.the fringes observed, The fringes represent constant height contours
in the wedge and when first observed are at some angle to the wedge

3
rdirection(Fig.2¢7.)

Tﬁe adjusting screws on the clamps are used to make the fringes
straight lines perpendicular to the wedge direction. This means

that the two flats are parallel to one another in the direction

perpendicular to the wedge angle. he straightness of the fringes
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Figure 2.6, Optical system for thickness messurements.
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Fiqure 2.7. Optical wedge cell showing
interference fringes
-]



At the point of contact between the flats the zero order fringe
‘v:::.c‘ould not be seen and so the distance of the electrodes from the
‘edges of the flats was measured being careful that these edges
coincide. Using this method there is the possibility of a constant
.error on each thickness, }Jut relative measurements will not be

afferntnd



”i‘ - using the travelling microscope.
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is a measure of the flatness of the glass blocks.
Having adjusted the wedge as described above the spacing between
adjacent fringes is measured using the travelling microscope. The

average over several fringes is used and the measurements repeated at

i various positions along the wedge to ensure accuracy. In this way
the fringe spacing may be measured with an uncertainty of less than
1%. The distance between the two edges of each transverse electrode
and the point of contact between the two flats is then measured again

The formala relating to the fringe spacing 183

2put cos B = nA . (2.1.)
Normal incidence is used in this case therefore 8 = 90o and cosf =1
thus 2ut = nA . (2.2.) -
where U = refractive index of medium in wedge (=1 for air)
t = wedge thickness
A = wavelength of light used
n = order of fringe.
If y is the'dis{ance between any two fringes, say n and n+l, then
wé have, .assuming K= 1. |

2t = nA (2.3.)

and 2t 1 = (n+l)A o (2.4.)
combining (2.3.) and (2.4.) gives |

tn+1 - tn = A/2 . (2.5.)
In other words the increase in thickness of the wedge in going from
one fringe to the next is half the wavelength of the light used
(=O.273ym. for the mercﬁry green line). Thus measurement of the
spacing gives the wedge angle 6. Actually the tangent of this angle
is measured (Fig.2:8.)

tan 6 = A : (2.6.)
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The distance beétween the two flats h at a distance L from the point
of contact is then simply given by

h=2ftan@ =)
2y

h = fA
227 ' (2.7.)

Thﬁs the inter-electrode spacing for each capacitor along the
length of the cell may be determined with good accuracy. However
the distance measured is thc oneAbetween the inside glass faces
while the'distance between the faces of the twc electrodes is required
(see Fig.2;9.)f Also since the capacitors are formed on a wedge the
thickness is not constant across the width of an electrode. To
minimize tﬁis the electrodes were made narrow (l.Smﬁ. wide approxi~'
mately) and the average spacing taken. The thickness of the
electrode layers (typically 0.lum) were meisured after experiments
were completed. Two methods of measuring the thickness of the
electrodes were available:

1. The Talysuxzf
2. Multiple beam interferometry using a Fizeau
microscope. '

Referring to Fig.29, the inter-electrode spacing was taken to be

f=h +hy = () +t,) o (2.8.)
.2 : ‘ :

After making the thiéknéss measurements the assembled cell was
placed on a glass table as shown in Fig. 2710,

The glass table contains embedded thermocouples for temperature
measurements, Since the élass blocks of the cell are l.3c¢cm. thick
and the gap between them too small to permit the introduction of =a
thermocouple the table was made to double as a carrier for the cell
and also a "dummy" cell for accessing the tempgrature in the interior

of the cell itself. A further thermocouple was attached to the top

of the cell to permit comparison with the embedded thermocouples in



Figure 2. 10 Assembled cell
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the table. In practice all the thermocouples gave readings of
temperature within ¥ 2°C of one andther provided sufficient time was
allowed for the system to reach equilibrium. The time taken to
reach equilibrium in the system used was of the oxder of 30 minutes.'

The support table was affixed to a brass disc at one end as
shown. The thermocouple wires pass through small holes sealed with
epoxy resin. The disc also carries eleven "bne" sockets ("bne”
connectors are constant-impedance connectors with beryllium-~copper
contacts and silver-plated brass bodies having weatherproof bayonet
locking const:gction. P.T.F.E, insulation permits 500V peak working
and frequencies of 10,000MHz with 50 Q0 impedance) by means of which
connections can be made to the measuring apparatus. The sockets
were connected to the electrodes on the cell using fine silver wires
(5 thousandths of an inch diameter) affixed to the electrodes using
"gilver dag." This method was found to be unsatisfactory owing to
stray capacitance. Typical values of capacitance obtained with the
cell, with air dielectric, were in the range 2pF to 20pX and using
silver wire interconnections the stray capacitance was of the same
ordér as the lower values obﬁained. To avoid the affects of strays,
fine screened wire was used in preference to plain silver wire. The
outer screeﬁé of the cable were connected to the brass pléte and the
screcning maintained to as near the point of connection to the -
electrodes as possible. The use of the screened cable reduced

strays to an acceptable level.

2.5. Temperature Control System.

The agsembled cell gystem, after assessing the electrode spacing
of the capacitors in the cell and making connections to the electrodes,
could be ﬁlaced inside a chamber as shown in Fig.2l1l. The whole
chémber was surrounded by a thermally insulating material and was

fitted with an inlet and an outlet to allow an inert gas (Np) to be
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passed through. This gas is also utilized in taking the cell below
room temperature. This is accomplished as follows. A large dewar
of liquid nitrogen was modified in order that the nitrogen could be
boiled off at a controlled rate (Fig.2.12).

A resistor was immersed in the liquid nitrogen dewar and the
current through the resistor controlled using a variable voltage
transformer (Variac) connected to the a.c. mains. The‘amount pf
.power supplied to the resistor controls the rate of boiling of the
liquid nitrogen. The dry nitrogén gas thus produced was passed
- through a coil of copper tubing which wes immersed in liquid nitrogen.
This colil was mounted clcse to the chamber and provided further
cooliné to make up for heat exchanges along the connecting tubes.
From the cooling coil the gas is passed through the chamber over *he
cell thus providing cooling. The exhaust gas from the chamber was
'passed through a flowmeter to monitor the rate of flow of gas and to
act as a detector for blockages in the tubes or exhaustion of the
liquid nitrogen in the reservoir.

A given value of current through the resistor thus produces a
certain flow of gas and assuming that the ambient cénditions do not
change then the system will reach equilibrium at some particular
temperature. In practice the temperature drifts continually with
this open-loop control system, however by making minor adjustments %o
the current flowing through the heater resistor in the liquid
n[itrogen, the temperature of the cell could' be held within 1°C of
any desired temperature for a period of several hours if necessary.

For measurements above room temperature the cell chamber was
fitted with heating tape below the glass table. This heating tape
was connected to a Eurotherm temperature controller. One of the |
thermocouples in the chamﬁér was connected to the controller to provide

a8 closed~loop control system and it was only necessary to get the
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required temperature on the controller.

2,6, Cell Preparation.

The optically flat glass blocks were cleaped, piior to laying .
down the metal electrpdes, as follows., The blocks were placed in a
_solﬁtion of "Teepol¥ detergent and water and agitafed for a period of
approximately ten minutes in an ultrasgoric bath, This can be ,
éxpected to remove gross amoants of contamination. After rinéing
thoroughly with tap w;ter the ultrasonic treatment was repeated using
a 2% solution of "Decon 90" in distilled water, followed by a fhoraugh
rinse using distilled watér. |

The pre;éleaned blocks were then given.a final clean by’vapbur
de-greasing. This operation was carried.out usiﬁg a Soxhlet extrac-
tion apparatus, The medium used to effect the vapour de-greasing
was an azeotropic mixture of water and igo—propyl alcohol. This
mixture can be expécted to remove surface contamination, antioxidants
and ionizable inorganic salis, | ‘

After final treatment'in the Soxhlet appa?atus thé glass blocks
were immediately placed in a vacuum chamber which was then evacuated.
When the.chamber had been exhausted to a pressure of the order of
1 to 3.x 10-6 torr the electrode pattern was deposited onto the glass
flats by evaporation of the electrode maferial from a éuitable source
and subseéuent condensation oﬁto the glass block through a suitable
mask.

The masks fof the electrode patterns‘cohsisted of molyhdenum
sheet, three thousandths of an inch fhick, with the required electrode
pattern etched away. This was done by means of a photo-lithographie
technique. (

Having deposited the electrodes, the vacuum chamber was allowed
to ret&rn to atmospheric pressure and the glasslﬁiocks iembved. The

cell was then assembled as described earlier.
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2.7, Purification of the Liquids used.

For the initial experiments a commercial capacitor impregnant
was used. The Aroclor (Aroclor is a Registered Trade rark) dielec-
trics are a range of chlorinated diphenyls produced by Monsanto for \
the manufacture - of impregnated paper capacitors. These products are
generically known as "Askarels", that ig, synthetic, fire resistant.
insulating liquids which, if decomposed by an electric arc, evolve
only non-explosive gaseous mixtures. There are three grades of
Aroclor, identified by their code&humbers; Aroélor 1242, Aroclor 1248,
and Aroclor 1252, Aroclor is made by the chlorination of diphemyl .
to predetermined chlorine confents which are indicated as a per=
centage fy the last two digits in the code number e.g. Aroclor 1248.
contains 48% chlorine by weight.
. In the p.esent experiments Aroclor 1242 was used (commérciaily
known as Trichlorodiphenyl). The Aroclor 1242, as received in a
drum, is said to be suitable for filling into capacitoré after vacuum
treatment. However the manufacturers state that, if there is any
possibilty that the liquid may have been contaminated in éﬁy way the
vacuum treatment ghould be preceeded by earth treatmenf;

The earth treatment can be carried out in two principal ways.
In the first place Fullexrs earth is contained in a column and the
liquid is circulated until the contamination is removed. Alternatively
activated earth is added to the liquid in a container and it is stirred
to ensure intimate mixing and the earth is subsequently filtered out.
In both cases either Fullers Earth or activated alumina may be used
and each must be throughly dried. It has been found by experience in
the manufacturer's laboratory fests that the earth may be passivated
by heatiﬁg to excessive températures, and the optimum treatment has
been found to be about 150°C for 6 hours. The activated material is
then added to the Aroclor to be treated at a level of 0.2% to 2% by - .

weight.
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The earth treatment may be expected to remove ionic contami-
nation and the liquid was subsequently treated to remove dissolved
gases, water and particulate contamination. The purification plant
was designed for use with the "Plate” form of the mercury sque;ze
film apparatus. Since this form of apparatus was difficult to
clean the plant was designed to incorporate the cell in which
measurements were to be made and provision made for re-circulating -’
the 0il in an attempt to obtain as low a concentration ~f contaminants
as possible, X

Aroclor 1242 is very susceptible to contaminétion and conéequently
the materials with which it comes into contact during purification
must be carefully selected, The plant used was a modification of a
design used by martin and 'I.‘hompson4 and is shown in Pig. 2.13,

The earth treated liquid, after being left for some time to
allow most of the earth to settle out, is passed through a pre-
filter end then through a sintered glass filter into a glass coil.

The region below the filter is evacuated to a pressure of a few
céntimetres of mercury and the function of the coil is to allow the
liquid to present a large surface area of ligquid to the vacuum to
ensure adequate de-gassing and dehydrating of the liquid. The liquid
was then given a final filter before passing into the reservoir from
where it could be pumped through the measuring cell and back to the
start of the cycle if required.

In the final filter a membrane filter was used. These are
available from Millipore (U.K.) Ltd.. These filters exhibit an
absolute surface retention, that is all particles larger than the pore
gize of the filter are retained on its surface. The filters ére
eagily clogged by 1iquid;borne particles, which are of the order of
the size of the filter pore, and by stable gels. Consequently a

prefilter was used to increase the life of the membrane filter.
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These membrane filters are available with pore sizes down to
0.01 i 0.002um. However with the filter holder used the flow rate
obtained with a 0.0lum filter at 20°C under a differential pressure
of 1 atmosphere would be of the order of 1000 hrs/litre ofAroclor.
This is rather an unrealistic figure and it was decided to try 0.2um
Celotate filters which gave a flow rate of about 40 ml /hr. and lum
Duralon filters which gave a flow rate of the order of 500 ml/hr. -

In later work a range ci simple organic compounds was used, the
main one being n-heptanol and it was decided tlat a purification
plant was needed for this liquid. At the time of designing this K
plant it had been decided that the most important cortaminant is that
of an ionic nature.

Unlike hydrocarbon and some mildly polar compounds, the numeroué
strongly polar liquids of organic chemistry have been hitherto
neglected both in research and engineering. This lack of interest
may be ascribed to the considerable sensitivity of these liguids to
electrolytic pollution, whizh has made them quite unmanageable until
recently. At present, however, modern ion exchangers, coupled with
efficient dehydration techniqueé, allow the resistifities of such
liquids fo be improved by several orders of magnitude. In two
impsrtant cases, methyl and ethyl alcohols, the measured conductivity
matches the theoretical expectation within 10%.

Much work has been done in the past few years by Professor N.J.
Pelici in order to determine a) the relative efficiency of ion |
exchange techniques compared with conventional methods in de-ionizing
polar liquids, and b) whether ion-exchange techniques can completely
de-ionize polar liquids to their natural state of autolytic ionization,

The apparatug.used fo purify the n-heptanol for use was based on

5

one proposed by N.J.Felici”. A block diagram of the system is given

in FPig. 2.14, while a more detailed diagram of the system may be found
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Figure 2.14. Purification plant for n-heptanol
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in the paper by N.J.Felici.
First of all, it was necessary to remove water from the ion
exchange resin, since commercial ion exchangers are usually soaked
with water, Fér de-ionization a mixed-bed ion exchanger was used,
consisting of the strongest acidic and strongest basic types
available, To remove water from the ion exchanger the procedure
recommended by Felici was followed., Preliminary rgpeated saturation
and regeneration cycles were performed in ofdinary aqueous sgolutions.
‘This is useful in freeing the exchanger of impurities which would
impede the de-ionization process. '
Dehydration of ion 2xchangers is a rather difficult task.
Since decompostiton sets in at temperatures as low as AOOC, they may
not be dehydrated by heating. Washing off the adsorbed water by
somehydrophilic agent is the onlylpracticable method. Dioxane is
recommended by Felici mainly because of its unlimited miscibility
with water. For dehydration, about one pound of ion exchanger
beads were put into a Pyrex vessel and flooded with anhydrous
dioxane, which was drawn off after an hour or so and replaced by
fresh dehydrant. To achieve sufficient removal of-moisture? the
process was repeated 15 times in all, requiring approximately 2
gallons of dioxane, This amount could be considerably reduced by
previous vacuum drying‘of the beads at room temperature. This
procedure,'however, is not recommended since the beads are very
sensitive to eﬁvironment. Removal of water without provision of
another liquid in exchange causes shrinkage and then swelling when
the beads are flooded with dioxane. They are very likely to shattér
under the strain, and would then lose most of their exchanging
efficiency. |

For de-ionization purposes, both acidic aﬁd basic ion

exchangers must be used, and the best results are achieved by mixing
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the beads of both kinds intimately in the same column ("mixed-bed"
technique). Regegeration of an exhausted mixed-bed is not easy,
but this inconveniénce was immaterial since the amounts of ions to
be removed were always negligible.

Dehydration of the liquid under investigation was achieved by
molecﬁlar sieve material. This technique is to be preferred to any
other, provided that the amount oleiquid to be treatedvis modest.,
Moléculér siev;é can thoroughly dry (down to 10p.p.m. of water) the
most hydrophilic liquids and do nét give rise to unwanted chemical
reactions. One must, however, take into account the tendency of
molecular sieves to form colloidal solutions, which soon poison the
ion exchanger, The dehydrated liquid must therefore be submitted to
distillation before being presented to the ion exchanger. The liquid
was drained off several times, in order to eliminate the last traces
of water and to wash out the wails and electrodes of the conductivity
monitoring cell, Continuous recycling is then performed for several
days until no further improvement:in conductivity could be effected.
The equivalent parallel conductance at an angular frequency of 104

. -1 R
radians sec was used as a measure of purity.

After the liquid has passed through the ion eichanger column it
1:?an be recirculated or irawn off through a stopcock. To introduce

‘igﬁge liquid into the cell the outlet arm of the stopcock is flushed out

"ig}i€§r geveral seconds with the purified liquid before allowing a drop

E‘,f;ttq'fall onto the assembled cell. The liquid then fills the inter-

rigélgctrode space by capillary action. This method of fiiling the cell
fﬁ;ggffers from the disadvantage that étray impurities, especially in
the form of dissolved gases from the atmosphere, may be introduced

into the liquid. It would have been more satisfactory to include

tha Aa11l cwvatem in +he mMmrifinaatinn nlant.
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It is worth stressing from the outset that the measured dielectric

FHiproperties are highly sensitive to contamination of the liquid by

ﬁstray impurities, In 8ll the resulits described below reproducibility

;vas good for a given sample of liquid, However the magnitudes of

”‘5?the measured dielectric parameters should not be viewed too critically
aince they vary with changes in ~he liquid test samples., The
 £requency behaviour of the permittivity and loss factor show a

consistent trcond,
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CHAPTER 3
Results.

2.1l. Introduction.

It will be evident from the discussion of the evolution of
measuring cells that results from early cell systems were inconclusive,
Measurements using the mercury squeeze film cells were beset by
many difficulties, the major ones being breakdown of the films and
troublesome thickness measurements.

The micrometer ceil contributed to the development of the cell
systems using optical flats, but in retrospect that was its only
virtue. The "optical-wedge” form of apparatus gave the first
acceptablg results, and all the results presented in this chapter

were obtained using this form of cell.

3.2. Early Results.

Tnitial experiments were made using "Aroclor 1242", This is a
dipolar liquid, belongiﬁg to the "agkarel" family of synthetic
insulating liquids, which is widely used as a capacitor impregnant.

The real and imaginary parts of the permittivi%y as a function
of thickness for Aroclor 1242 between silver electrodes, measured at
1KHz, is shown in Figure 3.1l.. These initial results show two
interesting features: 1). The relative permittivity and relative
loss factoi are both thickness dependent ahé, 2). The values of
permittivity measured are all less than 6, which is the permittivity
of a bulk specimen of this liquid under these conditions. The
bulk permittivity of Aroclor 1242 at 23°C is constant over the
frequency range 60Hz to 20KHz Fig. 3.2. shows the frequency behaviour
for a thickness of 4.5#@.

At this stage it was decided that an investigation of other liquids
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should prove fruitful. I.H.Brockman1 had noted some interesting
effectsin n-heptanol and it was-decided to inckude this liquid gn

the study. The thickness behaviour of several liquids on goldx
electrodes is shown in Pig. 3.3.. -

It will be noted that heptane and chloroheptane show little
thickness dependence of permittivity. Allowing for experimental
error, the values of ﬁermit%ivity measured correspond with the values
obtained for a large volume of liquid, for heptane and chloroheptane.
As already ob;erved, Aroclor 1242‘shows a small but definite
increase in permittivity with decreasing thickness, while the
permittivity values obtained are below the value for a bulk specimen
of the liquid.

The most interesting curve is that for n-heptanol, where the
permittivity rises rapidly with decreasing thickness of film. ‘ The
relative permitfivity for n-heptanol, for a given thickness éf liquid
layer, ig also strongly frequency dependent, This may be seen in
Fig. 3.4., which shows fhe very high value to which thé permittivity
rose at low frequency. At higher frequencies the permittivity B
levéls off ét a value of approximately 8, which is égain lower than
the value of 11.4 which is obtained from measurements on bulk samples
of n-heptanol. Work by J.Middelhoek and C.J.F.Bottcher® on heptanols
gives a relaxation time of 1.1 x 10-9sec. for orientation
polarization. This means that the permittivity should remain
constant at.11.4 for frequencies up to 100MHz or so.

The fact that a decrease, in permittivity, beiow the expected
value is observed for frequencies higher than 5KHz is indicative of
there being some constraint on the reorientation of the molecular
dipoles.' A marked incfease in permittivity, above the bulk value,

is noted as the frequency decreases. In view of the large value of

permittivity odbtained and the frequency at which the effect occurs,
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this dispersion can be safely attributed to an interfacial
polarization. Interfacial polarization arises where there are
charge carriers that can migrate fof some distance through a dielec-
tric. When such carriers are impeded in their mot.on for any

reason space charges and macroscopic field distortion results and as
mentioned in chapter 1 appears to an external observer as an increése
in the capacitance of the sample and may be indistinguishable .from

a real rise of the dielectric permittivity. The classical exanmple
of interfaciél polarization is the Maxwell-Wagner two-layer
capacitors.

It was thought, therefore, that s detailed study of the varia-
tion of the relative permittivity asnd loss factor with thickness,
frequency and temperature should give valuable information about the
relevant conduction mechanisms occuring in these thin liquid léyers.
Since we are deéling with 1iquids, any space charge build up can be
reasonably expected to occur at the electrodes, where the charge
carriers may not be ablé to discharge freely or be replaced. It
therefore seems possible that the electrode material may have an

effect on the conduction.

3.3, Thickness and Frequency Behaviour of n-heptanol on Gold™ .. : .

Electrodes.

It was noticed in the initial measurements that there seemed to
be an ageing process of some sort occuring. If one begins to
monitor the capacitance of a specimen immediately after introducing
the liquid inte the cell, then the capacitance changes with time.
Fig.3.5. illustrates this effect whére three curves are presented
showing the behaviour of permittivity with thickness after 15 minutes,
6 hours énd 3 days. This ageing was observed to be virtually

complete 2 to 2% days after the liquid was first introduced.
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When ageing seemed complete measurements were made to deter-
mine the frequency dependence of the permittivity and loss factor.
This enables us to see the effect of frequency on the shape of the
permittivity / thickness curves (Fig. 3.6.).

For a given thickness of liquid layer we can draw curves showing
the dependence of relative permittivity and relative loss factor on
frequency. Figs 3.7. to 3.13. show this frequency dependence for
seven éifferent thicknesses of liquid film, from 1.0um c¢o 20um. A
few comments of a general nature may be made concenerning these
curves. In the first instance, the amplitude of the effect, causing
the marked rise in permittivity, decreases with increasing thickness.
Secondly the limiting value of permittivity reached at high
frequencies also decreases with increasing thickness and is, for all
thicknesses considered, less than the value appurtenant to a bulk
sample of heptanol, viz.ll.4. Finally, at the higher end of the
frequency range considered, the loss factg; is seen to be inversely
proportional to frequenéy. Further comments on these results and

their interpretation may be found in Chapter 4.

3.4. The Effects of Temperature on the Behaviour of the n-heptanol

Gold Electrode System.,

After completing the freqﬁency measureménts mentioned in 3.3.
the effects of temperature on the permittivity and loss factor w;re
investigated, and their temperature dependence 1s shown in Figures
3.14a and 3.14b. The maghitude of the interfacial polarization is
seen to decrease with decreassing temperature. This seems consistent
with the fact that decreasing temperature will result in a lowering
of the mobility of any charge carriers present. The curves at
thicknesﬁes corresponding to 5.0um and 11.0ym would seem to exhibit

a ﬁaximum at a temperature between 15 and 20°C.‘ The value of permit-

tivity for a bulk specimen of n-heptanol is shown by the broken line
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in Pigure 3.l4a.

3<5. Thickness and Frequency Behaviour of n-heptanol with Silver

Electrodes.

The ageing effect noted with gold electrodes was present again
for the case of gilver electrodes. After a period of 2 to 3 days
the ageing seemed to have settled to a very slow rate (Figure 3.15).

Measurements were again made to ascertain the response of the
permittivity and loss factor to variation of frequency. Curves
showing the variation of permitti?ity with thickness, at various
frequencies (Figure 3.16), are not as simple as in the case of gold
electrodes. It was unfortunate that measurements could not be made
at thicknesses infermediate to the ones shown. Despite all pre-
cautions some capacitors showed a short-circuit when air capaci-
tance at each site was measured. .It was doubly unfortunate that the
thinner samples were usually found to be shorted-out. In 8ll1l cases
the cell has the potential to relize ten capacitors of differing
electrode sﬁacing. For the measurements in this section two capaci=. -
tors were short-circuited after assembly of the cell. In this
particular case the thinnest one at l1.6um and the thickest at 18.1um
were affected. | .

Upon adding the liquid to the cell, in addition to the two
capacitoers already short-circuited a further cepacitor, having an
glectrode spacing of 9.2um, was now short-circuited. At this point
the system was left to age over the weekend and upon making measure=
ments, after a period of 46 hrs. had elapsed, a further two capaci-
tors, with electrode spacings of 15,0um and 16.4um respectively,
were now short-circuited.

Therefore, out of a ﬁossible ten different thicknesses, two were
found to be out of commission before the liquid was introduced. This

is probsbly a result of dust particles bridging the gap between the
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electrodes and caﬁsing a short-circuit. Precautions were taken to
exclude dust as far as possible but unfortunately no "clean room®
facilities were easily accessible. This was not too much of a
problem since one or two capacitors at the most were affected in this
way providing care was exercised when assembling the cell.

The spontaneous failure of capacitors after the liquid has been
- added is more difficult to understand. Breakdown of the liquid is
of course a possible explanation, but the vbltage applied to the
sample was of the order of 0.1 volts corresponding to an electric
field of 1KV. cm"1 for a specimen lum in thickness, falling to

! for a 10ym specimen thickness. These values of electric

100 volt cm
field are not excessive and also one could reésonably expect the
thinner samples to breakdown first and this is noi observed to be the
case.,

We are therefore left with measurements relating to only five
different thicknesses of liquid layer. At low frequencies there
appears to be a pesk in the curves at a thicknéss in the range l4um
to léum as indicated by the solid line in Figure 3.16 for the curves
200Hz and 40Hz. 0f course these curves are rather‘arbitary in view of
the number of experimental points. One might be justified iq’viewing
the results at 13.4um with suspicion. If one were to ignore the
results for 13.44m a smoother curve, having the same general shape
as the curves obtained for gold electrodes? can be drawn. The most
likely reason for the high values of permittivity, obtained at
13.4um would be an error in the value of the air capacitance, probably
caused by~some stray cépacitance effect. |

Figures 3.17 and 3.21 show the dependence of relative permittivity
and relative loss.factor on frequency at the five thicknesses atl

which measurements were made. These curves show the same general

relaxation behaviour observed with gold electrodes. The magnitude
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of the inter-facial polarization effect is not as large as that
observed with gold electrodes, the maximum permittivity recorded

being 302 for a thickness of 4.29um. The observations made in sec;
tion 3.3 relating to the frequency response of permittivity and loss
factor for gold electrodes also apply to the case of silver electrodes,
noting that the variation of the limiting value of permittivity
observed at high frequencies is less markéed for the case of silver
electrodes.

3,6. The Effects o! Temperature on the Behaviour of n-heptanocl with

Silver Electrodes,

The temperatﬁre dep3ndence of permittivity and loss factor'is
shown in Figures 3.22a and 3.22b. The effecf of temperature on the
permittivity and loss factor of n-heptanol on silver electrodes is
similar to thc>effect with gold electirodes,

In this instance the frequency response was observed at six
temperatures and Figure %.23 gives the behaviour at three of these
temperatures (the.other three have been omitted for the sake of
clarity). It would appear from the graphs that the magnitude of the
space-charge polarization effect decreases with decreasing tem-
perature. However on the basis of the Qata, as presented, one
should proceed to this conclusion cautiously. Ag previously'men-
tioned the interfacial polarization resultsin a relaxation type of
behaviour. Associated with a relaxation there is a characteristic
time, called the relaxation time and given the_symbol T. Returning
to Figuré 3.23, if the relaxation time for the interfacial polariza-
tion increases with decreasing frequency, then the lbwer temperature
curves will be shifted, along the frequency axis, towards lower
frequencies. If this is the case then the lower temperature
curves may reach the same permittivity values observed at higher

temperatures, but they will do so st lower frequencies.
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Figure 3.23 also shows that the limiting value of permittivity,
reached at higher frequency, increases with decreasing temperature,
This is consistent with the observation that the bulk permittivity of

n-heptanol increases with decreasing temperature.

3.7. The Behaviour of n-heptanol with Aluminium Electrodes,

The same series of experiments was made with aluminium electrodes.
In order to elucidate the effects of impurity level two series of
results were obtained N
1) for a sample of n-~-heptanol as received from the manufacturer and
2) for a sample of n-heptanol purified by the method described-in

‘Chapter;2. , : ) i :

The usual ageing effect is found, but for aluminium electrodes
'the ageing time seems to bs of the order of 4 to 5 days (Figure 3.24).
The frequency dependence of permittivity and loss factor were deter-
mined for various thicknesses (Pig. 3.25a and Pig 3.25b compare the
purc and impure samples-for a thickness of about Sym). As omne
would expect, for comparable thickness, ~the loss factor, for all
frequencies, is higher for the higher impurity level. At low
freguencies the relative permittivity increases with increasing
impurity level, while the "relaxation"” frequency for the interfacial

polarization decreases with increasing impurity concentration.

3.8. The Effects of Temperature on the Behaviour of n-heptanol with

Aluminium Electrodes.

Once more, the general trend of decreasing interfacial polari-
zation effect, with decreasing temperature, is noted (Fig., 3.26a
and 3.26b). These particular curves exhibit a maximum for the
thinnest specimen and a minimum ﬁor a specimen of intermediate
thickness in the case of the purified specimen of liquid.

These curves also show the freezing point quite clearly as a
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Figure 3.25b. Effects of purity of liquid sample.
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discontinuity in the curve. After freezing the measured permittivity

was the same, to within 104, for all thicknesses.

2.9, "Garton Effect"” Measurements.,

4

Garton’ has pointed out that a stress-dependent loss angle may
arise in a film of liquid if the film is thin enough for the motion
of ions, under the iﬁfluence of an alternating field, to be limited
by the boundaries of the fiim. In this work Garton relates the shape
of the Tan § versus stress curves\to the ionic concentration, radius
and mobility.

| All the measurements made indicate an interfacial polarization
effect taking place and so one would expect to be able to make
"Garton Effect" measurements on these liquid samples, thus providing
valuable information on the impurity concentrations present and the
ionic‘mobility.

The a.c. measurements were all made using a Wayne Kerr B221
Universal Bridge, a brief description of the operation of which is
given in Appendix I. In order to maké fGarton Effect” measurements
it is necessary to vary the voltage applied to the sample, The
voltage appearing across the sample, with B221 bridge, depends on the
input voltage to the bridge and the range setting. On the lowest
capaci%ance range (Range I) the full input voltage appears across the
unknown capacitor, ranges 2 and 3 give one tenth of the input voltage,
ranges 4 and 5 one hundredth of the input voltage and ranges 6 and 7
one thousandth of the input voltage. The maximum<éllowable input
voltage to the bridge is 40 volts r.m.s. (113 volts peak-to peak)
and the typical capacitance values obtained made it necessary to use ‘

ranges 3 and 4 for most measurements. Thus the maximum voltage that

could be applied to a sample was limited to 4 volts r.m.s. (11.3 volts

DeDs)e
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Measurements with gold and silver electrodes showed little or no
variation in loss angle with applied voltage over the voltage range
available; With aluminium electrodes however a marked dependence
of loss angle on stress was found, as predicted by the "Garton Effect",
This is presumably related to the oxide layer present on aluminiun
which makes discharge of ions difficult.

"Garton Effect" measurements were made on the impure specimen
of n-heptanol described in section 3.7. It was found that the clearest
results were obtained if the measﬁrements were made at a frequency
of 600 Hz. Pigure 3.27a shows the variation of tand with stress
over a range of temperature for a sample thickness oi 1,.8um,

"In addition to the loss angle, the permittivity is stress
dependent. The permittivity is constant at low values of applied
field, but begins to decrease ag the field strength is increased.
This effect was not reported by Garton.,

Figures 3.28a and 3%,.28b show the measurements repeated con the
same sample after fwo days. This again illustrates the time
dependence of the liquid prdperties.

It must be pointed out that, even with aluminium electrodes, it
was not always'possible to observe a variation of tan 8 with applied
voltage. This must be because it was not, possible to apply a
sufficiently high voltage. It could be that "The Garton Effect" is
present with gold or silver electrodes but no variation in tan §

could be observed because insufficient voltage was available,

3,10. D.C. Conduction Currents.

The problem of making a satisfactory measurement of the d.c.
conductivity of an insulating liquid has long been recognised. The
troublesome dependence upon the magnitude and time of application of

the test voltage makes it necessary to specify these variables for a
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quoted value of conductivity. In spife of these troubles, a d.c.
measurement is convenient to make and provides useful information
about the purity of the liquid.

An added complication occuring in the thin layers investigated
was breakdown of the film. This phenomenon was found at moderate
voltages and there seemed to be no discernable pattern to the effect.
Despite the difficulties some d.c. current/voltage curves were
obtained. Current measurements were made using a Keithley model
601B Electrometer, whilst the driving voltage was supplied by a
Solatron variable d.c. voltage source. Current readings were taken
one minute after the application of the voltage.

Figs 3.29a to 3.29¢ show the shape of the current voltage
curves obtained, for the same impure sample of n-heptanol used in
section 3.7, 2t several different temperature, for specimen
thickness of 4.9um. Fig. 3.30 shows curves at various temperatures
and at a series of times after the first addition of the liquid.

The curves illustrated in Pigs 3.29 and 3.30 all exhibit three
distinet regions. Within the iimits of experimental error the
current rises, initially, dn proportion to the square root of the
applied voltage. This is followed by an ohmic¢ region, i.e. currentw
proportional to applied voltage and finally a further change in
slope results in a current proportional. to the square of the applied
voliage.

At greater thicknesses the picture is less clear and the current
is seen to rise rapidly (at a higher rate than voltage-squared) with

increasing voltage (Figs 3.31).
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CHAPTER 4

Discussion of Results.

4.1. Introduction.

The results presented in the previous chapter show that, depen-
ding on conditions, the measured permittivity of a thin layexr df
liquid may either be greater or less than the relevant value for a
bulk specimen.

The marked rise in permittivity found at low frequencies is
indicative of an interfacial polarization effect, while the lowering
of permittivity below bulk values found at higher frequencies may be
attributed to some constraint on the rotation of the molecular
diboles present in the liquid. In the subsequent sections of this

.chapter it is hoped to present theories to account for these phenomena.

4.2, Space Charge Effects.

.Nuﬁerous workers have considered space-charge distributions
resulting from diffusion anc conduction of charge carriers. In
general, these have had to do with special cases, usually involving
liquid electrolytes. Analysis of space=charge formation under the
influence of diffusion forces and of elect;ic fields involves the
solution of non-linear partial differential equations. As a result,
a theory permitting quantitive predictions for general casesg is not
available,

Theories treating the calculation of éharge digtribution in the
diffuse double lafer'are given by Goﬁyl, Chapmaﬁz, Debye and Huckel3,

Jareet 5 7

, Muller”, Grahames, Breyer and Gutmann , and Macdonal§ and
Brackmane.

A1l of these and most other similar problemé are treated by
assuning the material to be a continuﬁm containing equivalent, mobile,
uncombined posltive and negative charges. Further, almost all such

treatments involve only one electrode embedded in an infinite arisemis+
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infinite material,

Space-charge build up in liquids is assumed to occur at the
electrodes. The large expefimental values of permittivity obtained
may be explained by assuming an equally large dielectric polarization
to the liquid films and this is consistent with the idea of a large
charge carrier concentration moving through the liguid. Sutton9
has developed a theory to describe the distribution of static space
charge in & material having only a single mobile charge cerrier and
this theory seems to be of relevaﬁce to a thinllayer of liguid

trapped between two electrodes.

A.3. Single Mdbile Charge Carrier Theoxy,

The problem considered is that of the conduction -~ diffusion
differential equations that describe the motion of a charge carrier
of one kind only. The charge éarriers present in the liquid may be
ionic or electronic in nature, Electronic conduction implies in-
jection of charge carriers at tbe electrodes and this is difficult

: barriev
to visualize in insulating ligquids since the energy gap for electrons
is so large. Charge injection in insulating ligquids has been
observed by many workers, notably by the group workiﬁg under Felicilo
at the laboratory for Electrostatics, Centre National de la Recherche
Scientifique, Grenoble, but large and non-uniform electric fields are
required.

The ionic content of a liquid may arise in two ways: either by
dissociation of the molecules of the.liquid itself, or by dissociation
of less stable impurities, which are inevitably present to some exteﬁt.
If the charge carriers present are eiectrons then the situafion of
a single_carrier species obtains., For ionic¢ charge carriers,

whether their source be self-ionization of the liquid or ionization

of impurities, it is unlikely that the mobilities of the two charge
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carrying species will be the same, In this case, providing the
mobility of one type of carriervis much greater than the mobility of
the other type, the concept éf a single charge carrier is still valid,
The assumptions made in the development of this theory are as
follows:
1) The processes tzking place are conduction, diffusion, dissocia-
tion of neutral centres, and recombination of charges of opposite
sign to form neutral centres.
2) Plane-parallel identical eleétrodes, separated by a finite
thickness of insulator, are ascumed. The electrodes are further
assumed to be infinite planes, giving the problem one-dimengional-
symmetry.
3) The electrodes are assumed to be completely blocking (polarizable).
This means that charge carriers cannot penetrate or leave the elect-
rodes and cannot be neutralized by the electrode. This is a reason-
ably =safe assumption to make in the case of aluminium electrodes but
its validity in the casé of say gold electrodes is open to question.
4) Electrochemical potentials due to chemical phase differences are.
neglected. Such potentigls are equal and opposite if the electrodes
are identical. They will cause some space charge, which should,: in
general, be considered. However, potentials of several volts were
applied in most experiments and it is hoped that these effects may be
ignored in practice.
5) Diffusion and mobility of one of the two charge carriers are
considered to be zero. To the extent that they are not actually
zero, the solution obtained will represent an approximation to a
quasi-static state at some intermediate time, as long as the diffusion
coefficient and mobility of the other carrier are relatively much
lafger, for d.cf potentials,

6) Recombination is assumed to be bimolecular and proportional



-122-

simply to the product of the positive and negative concentrations.

7)

Similarly, dissociation is assumed to be proportional to the

remaining undissociated charge concentration.

~>
it

1
D,D

Ty
B =

Vo=

V =

]

W= "R R
]

]
]

The symbols to be used are listed and defined as follow:
perpendicular distance between electrodes; x = 0 and x = { at
two electrodes, i
specimen thickness measured in metres,
number of uncombined positive charges per unit volume.
number of uncombined negative éharges per unit volume.
dissoclation rate, i.e. the number created per unit volume per
unit time,
recombination rate, i.e. the number vanishing per unit volume
per unit time,
the number of charges of the immobile Lind per unit volume; this
is essentially the initial immobile charge concentration when
the specimen is neutral.

= the diffusion constants for the mobile and "immobile" carriers
respectively.

= mobilities for the mobile and "immobile" carriers respectively.
E(x) ; the electric field within the specimen.

total potential difference applied between the electrodes.

o~
\

electrical potential at x (V =V, =0 at x =§).
time (after the application of Vo).
recombination rate constant (defined by equation (4.8.) ).
dissociation rate comnstant (defined by equation (4.9.) ).
p/c

n/c

c/K

‘magnitude of charge on both carriers.
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€ = bulk permittivity of the specimen material.

¥ = log, P (r = ).

v = dy/dx ‘é

Lp= Debye length =(§£§5¥) (eo = permittivity of free space).

p = ratio of averall average net dissociated charge density to c,‘
i.e. ratio of totsl excess charge present to total immobile
charge.

0 as a subscript denotes value at‘x =0

L as a subscript dendtes value at x = £

Assuming free-charge conservation in any volume element, taking

into account dissociation and recombination, one can write

%%:q —a +D %ﬁf_l —u g(f-P) (4.1.)
- 1 .
%%: q—o+D’-g—-x—’l —p' g{g“) (4.2.)

Poigsong equation also may be written

RE — elp-n) O (4.30)

ox €€y

The relevant boundary conditions are

L
fdv :f Edx = V, (4.4.)

Q

and current = 0 = Dif - Bup at x = 0,2,\) (4.55.)
0 = Dﬁfﬂ -Epgnatx=0,0 (4.5b)
x ,

Equations (4.5.) arise from assumption 3) abo%e.

Equations (4.1) to (4.5.) comprise the general case of a two carrier,
time~dependent equation. Sutton then proceeds to solve these
equations for the d.c. case, All time variations are assumed to

vanish and one carrier, say the negative ome, is chosen to be immobile
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80 that D' = ' = O
Assumptions (6) and (7) are written as
a =anp (4.6.)
q = E(c - n) ‘ (4.7.)
The analysis is then straight forward but rather invelved and

it is sufficient here to quote the results.

y Q
f I(y)dy = X/L, (4.8a.)
Y% )

Yo +4Ve/D “\ .
J y)dy = 2/L, (4.8b.)
Yo

- (4.8c.
v°p2+( A /4L) (“/D)v" l)—i—ln[ 2 (o) +RX Y°+R)]

1

where ] [LDV ] ' | (4.9.)

= Z (P N)dx_ average excess charge (4.10.)
0

and

The following two equations are also useful

y= Y+u(V ~v) | (4.11.)

— 4.12.)
L =Y, +p4 (
21,

Equation (4.8a) is the solution giving y and hence P, p and n as a
function of x. Equations (4.8b) and‘§4.80) are two simultaneous
equations in Yo and v, which are solved to obtain these quantities

for use in equation (4.8a). If p = 0, this ﬁrocedure is simple

since equation (4.8c) gives ¥, directly. Most situations of interest
have p = 0 and this is the case that will be discussed, It\turns

out that I, always has a sharp maximum near the middle of the specimen.
This results (see equation (4.8a)) in a point of inflection in the

curve y = f£(x) given by
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2
Ro=c™ =[-1+1+4R) ]/2R (4.13.)
or R = Fié ——l%:'

This relation is of particular interest since it is wholly indepen~
dent of length of specimen or applied voltage. The y curve always
has its point of inflection given by the same concentration Pm so0
that R is directly associated with the proportion of dissociated
mobile charge. If the charge is highlty dissociated, R is small;
it only a little dissociation prevails, R is large. R is of the
order of magnitude of P;z. - \ ' |

The nonlinearity of the differential equations leads to quite
unusual behaviour for various values of the parametcrs. For a given
spacimen the quantities f, Vo and R control the form of the solution
and the several possible combinations of these give a wide variety
of differing solutions. The simplest case is that of a linear
potential drop across the specimen.. This arises for £ small enough,
YV low enough, or R large enough. As ﬂ, V, and R'l increase, the
solution exhibits both a curvature and an assymmetry in the potential
and charge distributions.

One of the virtues of the present treatﬁent over previous treat-
ments of_the two-ion case is the fact that charge concentrations are
limited to reasonable values even for high potentials and large degree
of dissociation. For R = 0 (complete dissociation) and significant
voltages 5

B = (,u/n)vo = 38,5V
where the y/D = e/kT (Einstein) relationship is used. Thus B, = 122
for V_ = 3.16 compared with B, = 10”2 from the two-ion theopyll.
N is always small since N £ 1. Special approximate solutions for
simplifiéd values of the parameters have been worked out to replace.

the solution given by equations (4.8.)12. In particular, thin

specimens or large R {low charge concentration) give linear results.
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More generally, the potential in the immediate vicinity of the

electrodes can be given by sinh x and/or exp(-x) relatiomns.

4.4, Time-dependent Solutions for the Single Mobile Carrier Theory.

A time-dependent solution of the conduction-diffusion differential
equations for the motion of a single charge carrier is of more
relevance to the work contained in this thesis. Solution of these
monlinear partial differential equations is a daunting tésk. A
solution cdn be obtained in analytic form by considering small
amplitudes of potential and charge flow and neglectiﬁg second oxder
terms. Such a solution is obviously limited and will not describe
the large charge flows that are likely to be important for say
dielectric breakdown. Nevertheless, insight into some of the
consequences of the single-ion model for a.c. fields is possible.

The general two-carrier,, time-dependent problem is set up as
described by equations (4.1.) to (4.5.). Again D and ' are set
to zero so éhat one carrier is iumobile. Equations (4.6.) and (4.7),
which define the nature of the dissociafion and recombindtion
assumptions, are retained and a sinusoidal a.c. potential VO ig
assumed. The new symbols arising can be defined as follows.

f = frequency of potential variation
w = 27f = angular frequency

= amplitude of the electric field E

< o
|

]
= amplitude of the applied potential Vo; V is taken
as real

p = complex amplitude of the varying part of the positi&e

charge concentration

n = complex amplitude of the varying part of the negative

charge concentration

o) =(an/K



~127=

A=1—P I

The defining equations for these symbols are

V=7 ot
fost

E = E'e (4.14.)

L
p = p(w=0) + p o***

n = n(w=0) + arel?®:

Since the steady-state d.c. potential is assumed to be zero, thew = 0
charge distributions are constants and p(w= 0) = n{w= 0) = cP .

~

Thus we have

0 — q—a +D Hug(Ep)
bt - 75%1 X (4010)
b_n_ —=q-—-a (from Egn. (4.2.)) (4.15.)
ot
JE — 2_(2:_']) - .
S <<, (4.3.)
2 L
dv = Ide = Vo (4.4.)
0 0
DOp — Epp at x=0,4 - (4.5a.)
Ox -
-9 =K(C—n) (4.7.)
Combining equation (4.15.), (4.6.) and (4.7.) gives .
n,_ Ap! = Ae-—itcn""a p| ( ¢ )
==Ap_ = — e 4.16.
| +id [ (14 6%) ]

gso that n; and p' are always related for any frequency f. n' differs
in phase from p' relative to the driving potential Vo. Fur’;her [n'l
ig always  smallexr than [p'l since A <L 1. For w small n'~A, -p',

but n' approaches zero for high frequencies.
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Using equation (4.16.) in equations (4.1.) and (4.3.) gives

2 b =0 - (4.17)
e
where Az = | (( + _A )(I +iw7‘)
Dr | +i6 .
, 2
and r = _€% — Z_LL_.D)_ .
uche D

] I.l

U, = /e,
The general soiution of equation (4.17.) is of the form
p' = C; cosh Ax + C, sinh Ax (4.18.)
Applying the boundary conditions given by equations (4.4.) and (4.5.),
azid assuming no excess charges in the specimen (p = 0) results in

the final expressgsion for the positive charge distribution p'.

p = /.LCF,’nLB' sinh[A(X'f/ZL], l+iw'f) (4.19.)
2D sinh[A2/2] B+iwT/
where B = ta nh(AQ/Z)
CAR/2

It is now possible to calculate the current flowing in the external

circuit for the a.c. case. The current is given by

AI(X) =~-<i(_€_P) = iwp'eiwte
dt ,

Writing Al = A]:'eiwt
. /7 __ . / /
gives ATl =iwep
Therefore the total current is given by
. |
, _
I = 2iwe‘f p'dx (4.20.)
4 :

= iweucE,,B\/’ . | +icor ).(%césh(AR/Z))
ADsinh{Ag/2)\ B+icT
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Thus the admittance is given by

Y=I'/V':2iweucpm( I+in,) (4.21.)
2 ;
ADZ B+iwTr
for AZj2 > |
However if the specimen has a capacitance C per unit area we can write
z
Y== iuC (4.22.)
where C = g6, | O (4.23.)
2 ) -
Thus substituting squations (4.22.) and (4.23.) into equation (4.21.)
yields
€ = € [ + iwT ‘ (4.24.)
2¢ .4 )2 .
AL, )\ Btiwr
ForwT & 1, A%~ 1/(L;))2 and so equation (4.24) becomes
€, =cfl+inT , (4.25.)
B+tiwT

Now B—> O as w—> oand therefore (4.25,) gives
€r(°"‘9°a == € = €,
This is consistent since the € used throughouvl: is that arising
from other kinds of polarization and cannot involve migration charges.
Equation (4.25.) also states that for w—>0 but w # 0

< =cA ~ €L
B 2tanh(Al/2)

o (wr0) = ¢g=
This relation' correctly indicates the observed behaviour of
dielectric absorption since ,Q/L£ may be of the order of lO3 or 104{
The d.c. or low-frequency surge of space charge across the "ﬁhick"
specimen results in large storage,at slow rates, of charge.
To darry this line of thought further one can define a complex

pernittivity in the usual way
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allowing equation (4.25) to be re-written

!
€ = € + € — €

l+(urTq1
(4.26.)
€’(= (€S-€°¢Doo’T"
|+(wT91
where /= T|B

These expressions are identical in form to the Debye equationsfor the
dielectric properties of a material containing molecules having a
permanent electric dipole moment.

Hence the permittivity and loss factor will behave as if there
were a single relaxation mechanism, characterized by a single
relaxation time, as long as 7' and €, are real ( and constant).
However, B is in general complex and consequently the relations
(4.26) display the simple Debye relaxation property only in a range
of w and ,Z vhere B is essentially real and reasonably constant,

This is true in the region of practical interest where w7 & 1 and

5>,

4.5. Comparison of A.{. Theory with Data.

" The a.c. theory presented in the previous section predicts a
simple Debye behaviour. The general shape of the permittivity
versus frequency curves presented in chaptgr 3 does indeed resemble
a Debye curve. The shape of the loss factor versus frequency
curves also suggests that, superimposed on the Debye-type loss
factor, there is a "d.c."” conduction term.‘ A conductivity o Cf%m-l

contributes a temm G/uaeo to the loss factor. Consequently attempts

were made to correlate the data with the following equations.

¢ = €, + &6, N (4.27.9
|+{uyf)

€' = (g € )T’ 4 O

' | +(m'l")1 wE,
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There are several methods of determining the parameters ES, €

and 7' given a set of e%perimental points covering the frequency
region over which the dispersion occurs. Cole13 discusses several
methods of:.analyzing dielectric dispersions and loss data satisfying
the Debye equations.

The obvious and direct means of testing (4.27.) is to combare
experimental values of €' and ¢" as functions of frequency. Direct
tests of these equations can be made by curve fitting with proper
choice of the four adjustable parémeters €52 €., 7' and o, but there
is considerable trial and error, especially if € and €, are not
known from measurements made over a considerable frequency range.

The more usual approach is to employ the complex plane locus
of ¢" versus €', which, if the Debye equations (4.26.) are valid,
is a semicircle with its centre on the real axis and intercepts on
this axis at €g and € . This representation is often referred to
as the Cole-Cole plot. The intercepts of a satisfactory fit give

€ and €., directly, but the value of relaxation time is not accurately
determined from the plot, although it can often by estimated with
fair accuracy from the interpolated frequency of the mid-points of
the semi-circle. When the loss factor data is distorted by a "d.c.”
term, as in the present case the Cole-cgle plot is no longer a viable
method of determining the parameters.

An alternative graphical method results from rearrangement of
the Deﬁye equations giving

! ' //)
€ = €, — 'r(we

(4.28.)
e':ew4@ﬁﬂX€Ww> ~

The . advantage of these equations is that they are linear relations

in the measured quantities ¢', we", and €"/w , and from them, if

they are satisfied, the parameters €5t €oo and T' can be derived
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as intercepts and slopes without using assumed values.

The inclusion of the "d.c." conduction term modifies equations

(4.28.) as follows

¢ = —rlwe+ € + 0O '€, . (4.29a.)

e = (l/%’XE"Iw) '*(0' /T'GJ(I /wa) + €y (4.é9b..)
and the data was analyzed in terms of these equations. A simple
computer programme was writien to perform a regression analysis on
the data according to equations (4.29a) and (4.29b). The relaxation
times, T', were obtained from the slope of the line ¢! .versus w¢"
(equ. 4.29a) and the coefficient of ¢"/w from equction (4.29b).
Close agreement was found bhetween the two values obtained and the
mean value was taken to be the relaxation time, The coefficient of
the 1/ w? term in equation (4.29b) then ailows the calculation of o .
In all the curves analysed the correlation coefficient was never
found to be less than 0.95, and 12 or more pairs of experimental
observations were used in the regression analysis, giving 10 degnees
of freedom. The expected value of correlation coefficient for 10
degrees of freedom is 0.823 for a significance level of 0.1%. Thus
it may be seen that the correlation bg}ween the data and the
theoretical curves is highly significant. In fact correlation
coefficients_as high as 0.999 were obtained in some cases. Despite
the very good fit, the values of € obfained feom equation (4.29b)
tended to be rather high in most cases. This stems from the high
values of the ratio €S/ew » Thus quite small changes in the values-
of 1/ 7' and 0o[Tg, resulfs in large variations in the values of €4
obtained. Consequently the values of €4 were estimated from the
experimental data. Finally es may be determined from the intercept
in equation (4.29a) since %‘ and o are known.

Tables 1,2 and 3 contain the results of the above analysis
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performed on the data presented in chapter 3. To illustrate the
fit of the data to the‘*theoretical curves, the paraéeters contained
in Tables 1, 2 and 3 were used to compute the curves shown in Figs. 4.1
to 4.6,

It is obvious that the fit is not perfect, but then several -
assumptions and approximations were made in the analysis, resulting
in the prediction of a Debye type relaxation. However, the fit isg
sufficient to allow a reasonable degree of confidence to be placed
on the values of carrier concentrétion and mobility calculated from

the parameters of the relaxation.

4.6 Calculation of Impurity Concentration and Mobility from Single

Mobile Carrier Theory.

The behaviour of the permittivity and loss factor with frequency
can be represented by the Debye equations for a single relaxation
time as predicted by the theory presented in section 4.4. The
static permittivity, €s,.relax;tion time, T' and €, may be used to
calculate the impurity concentration ahd mobility as follows.

Equations (4.25) leads to the expression € = €.,/B, for w—0.

Therefore ‘

B = €/ € b‘ (4.30.)
The definition of T' is ! =.¢r/B and so

T= T'B (4.31.)

One of the necessary conditions for a Debye type behaviour is
that wT KL 1. The values of B (i.e. of’ €/ €S) obtained varied
from approximately 4 x 1074 4o 3 x 1072, Thus, the description of
the behaviour of permittivity with frequency by a Debye relaxation

remains valid for frequencies well abave 1/ T'. Bquation (4.19)

defines B as follows

B = tanh(A¢/2)
AQ/2
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performed on the data presented in chapter 3. To illustrate the
fit of the data to the‘theoretical curves, the parameters contained

in Tables 1, 2 and 3 were used to compute the curves shown in Figs. 4.1

+n A A

A S ORI 5 ]

It should be noted that, of necessity, the results in each table

Thus the values quoted for

»

o 31m1
¥ lar thicknesses and temperatures in esch table are not necessarily

Ahithe same, The important result is that the curves always conform
to uherpredictedVDebye shape,

4.6 Calculation of Impurity Conceniration and Mobility from sSimgie —-

Mohile Carrier TheoTy.

The behaviour of the permittivity and loss factor with frequency
can be represented by the Debye equations for a single relaxation
time as predicted by the theory presented in section 4.4. The
static permittivity, €s,.relax3tion time, T' and €, may be used to
calculate the impurity concentration ahd mobility as follows.
Equations (4.25) leads to the expression € = €,/By for w—0.
Therefore

B = €4/ € | (4.30.)
The definition of # is ' = /B and so
T= T'B (4.31.)

One of the necessary conditions for a Debye type behaviour is

that wT < 1. The values of B (i.e. of €./ GS) obtained varied

-2, Thus, the description of

from approximately 4 x 1074 to 3 x 10
the behaviour of permittivity with frequency by a Debye relaxation
remains valid for frequencies well above 1/ T'. Equation (4.19)

defines B as follows

B = tanh(A0/2)
AR/2
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TABLE I.

Debye Parameterg for n-Heptanol with Silver Electrodes.

Temperature = 24°C

€0

Specimen thickness ' € T Conductivity

£ (pm) (secs) U(QJmJ)

4.29 T 394 | 2.50 x 107 | 1.53 x 1078

7.20 6 | 295 | 3.00x1077 | 1.70 x 107°

11.5 6 | 491 | 3.33 x 2073 | 3.11 x 1076

13.4 6 470 | 3.40 x 1073 | 4.90 x 107°

17.5 6 | 520 | 7.35 x 1077 | 8.55 x 107°

Specimer Thickness = 4.29um.

Temperature € € T Conductivity
(°c) “ (secs) U(Cf‘ﬂfl)
23 7.00 | 385 3,09 x 1070 | 2.30 x 107°
6 8.25 | 245 3.05 x 107 | 1.59 x 107°
-11 9.11 | 256 5.50 x 107 | 1.12 x 107°
-18 9.80 84.3 | 3.05x 1072 | 7.55x 1077
-28 10.0 | 103 5.87 x 107> | 4.85 x 107/
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TABLE 2.

Debye Parameters for n-Heptanol with Gold Electrodes.

Temperafure = 26%

Specimen thickness ¢, € 7' (sec) Conductivity
£ (um) c (@'m™")

1.0 8.0 | 11,100| 2.59 x 1072 | 5.03 x 10~

5.0 8.0 | 11,700 | 3.02 x 107> | 8.26 x 1070

6.9 8.0 | 14,000 3.37 x 107> | 1.11 x 1077

9.0 8.0 | 14,800 | 3.92 x 1070 | 1.32 x 107°

13.2 7.4 | 16,000 | 4.97 x 1072 | 1.66 x 107

15.0 5.9 7,600 | 4.15 x 1070 | 1.41 x 1077

18.8 5.5 7,660 | 6.15 x 1073 | 8.81 x 107°
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TABLE 3.

Debye Parameters for n-Heptanol with Aluminium Electrodes.

Purified specimen, temperature = 25°C.

Specimen thickness ¢ € 7 (sec.) Conductivity
0 (um) o(Q'm')
3.3 7.0 | 214 | 1.35 x 1074 2.34 x 1077
5.5 7.0 | 259 | 2.55 x 107% 3.00 x 1077
11.8 6.5 | 380 | 3.99 x 1074 1.70 x 1077
16.2 5.0 | 403 | 3.56 x 1074 3.50 x 1077
18.3 6.0 | 542 | 5.07 x 1074 1.84 x 1077
L

Impure specimen, temperature = 20°C.

Speciﬁen thickness €or” € 7' (sec.) Conductivity
2 (um) o(Q'm”')

1.1 9.3 | 2580 | 1.66 x 1070 | 5.44 x 1077

3.0 9.2 | 4960 | 2.79 x 1077 1.10 x 107°

4.9 8.4 | 5940 | 3.84 x 1077 1.22 x 107°

6.8 7.5 | 6830 | 4.73 x 1077 1.53 x 1078

8.7 6.3 | 2210 | 4.40 x 1077 2.95 x 1070
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Now tanh (A%/2) = 1 for |[A|£/2 S> 1'and in fact tanh (Ag/2) A~ 1
for |Al2/2 > 5. Providing this condition holds we have
B = (ag/2)7! (4.32.)
The value of A is given by equation (4.17) and for wT<K 1
reduces to
sl = ()7 (g)7 (4.33.)
Combininé equations (4.32) and (4.33) gives
| Ly = BL/2/Z = 6.35B2 (434.)
The diffusion constant, D, is related to the "Lebye" length and
relaxation time (see equation 4.17) by
D = 2(1)%/ 7 (4.35.)
The mobility of the charge carriers can then be obtained using the

Einstein relationship
= eD /kT (4.36.)
Finally, the definition of 7T in equation (4.17) allows us to write
P = € € / ep Tt (4.37.)
Putting the experimental vaiues of €9 €09 and T' into equations
(4.30), (4.31), (4.34), (4.35), (4.36)-and (4.37) permits the
calculation of u and ch, where ch ig the number of charge carriers
per unit.volume. The results of these calculations, for the experi-

mental data found in Chapter 3, may be found in Tables 4, 5 and 6.

4.7 Interpretation of Carrier Concentration and Mobility Values.

It is apparent from Tables 4, 5 and 6 that, for a given sample of
liquid, the impurity concentration varies with thickness. This is
not a systematic effect and the most probable cause would seem to be
contaminafion from the material of the measuring cell. Despite
rigorous cleaning of the cell it is not possible to remove all contami-
nation, énd glass itself contains ionic impurities which could migrate
info the liquid. Thus one would not expéct to find exactly the .-

same impurity concentration at each electrode site. Table 6 clearly
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Results of Application of Single Mobile Carrier Theory to Data for

n-Heptanol with Silver Electrodes.

Temperature = 24°C.

Specimen "Debye" Mobility Charge Calculated
Thickness Length i Concentration  Conductivity
£ (um) Ly (m) (m2volt-lsec") cPm (m"3) cPmey (Q_lm'l )
4.29 2.7 x 1078 | 1.3 x 1079 6.8 x 10°L 1.4 x 10°°
7.20 5.2 x 100 | 3.3 x 1077 1.6 x 10°% 8.4 x 1077
11.5 4.9 x 1078 | 4.5 x 1077 1.8 x 10°% 1.3 x 1070
13.4 5.0 x10°8 ] 6.5 x 1077 1.2 x 10°L 1.2 x 10~°
17.5 7.1 x 1078 | 4.6 x 1077 8.4 x 10°° 6.3 x 10~
Specimen Thickness = 4.29um.

Specimen "Debye mobility Charge Calculated
Temperature Length 1 Concentration  Conductivity
. (%¢) LL (m) (mzvolt'lsec- cBn(m'Bl ' cﬂ,euﬁﬂrlm'l)
+23 2.7 x10°8 1.0x107 |6.5x 10% 1.1 = 107°
+ 6 5.1 x 1078 2.1 x107 |2.1x10% 7.1 x 1077
11 5.4 x 1078 1.3 x 1077 | 2.0 x 10°% 4.1 x 1077
18 1.7x10° 7 7.8x107 |2.7x 10%° 3.4 x 1077
-28 1.5 x 10771 3.5 x 1070 | 2.7 x 10%° 1.6 x 1077
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TABLE 5.

Results of Application of Single Mobile Carrier Theory to Data for

n-Heptanol with Gold Electrodes.

Temperature = 26°¢

Specimen "Debye" Mobility Charge Calculated
Thickness Length T Concentration  Conductivity
f(um) L} (m) (m2volt-1sec-9 th(m-B) cRneuﬂﬁflm-l)
1.0 2.5 x 1071%{ 2,6 x 10710 8.9 x 1022 | 3.8 x 1077
5.0 1.2 x 1077 | 5.4 x 1071 3.9 x 10241 3.4 x 1070
6.9 1.4 x 1077 | 7.7 x 10711 2.9 x 10°4 | 3.7 x 107
9.0 1.7 x 1077 | 1.1 x 10710 1.9 x 1024 | 3.3 x 1077
13.2 2.1 x 1077 | 1.5 x 10719 1.1 x 1024 | 2.9 x 107
15.0 4.1 x 1077 | 4.0 x 107° 2.8 x 1022 | 1.5 x 1072
13.0 4.7 x 1077 | 3.9 x 10720 1.7 x 1022 | 1.1 x 1072
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TABLE 6.

Results of Application of Single Mobile Carrier Theory to Data for

n-Heptanol with Aluminium Electrodes.

Purified Specimen, Temperature = 2500.

Specimen &Debye" Mobility Charge Calculated
Thickness Length u Concentration  Conductivity
2 (ym) L! (m) (mzvolt_lsec-l) cgn(m-B) cBngg(Cflm_l
3.3 3.8 x 10| 2.5 x 1078 3.4 x 10°1 1.4 x 1077
5.5 5.2 x 10°0| 3.1 x 107 1.8 x 10°% 9.0 x 1076
11.8 7.1 x 1078, 7.3 x 1078 9.2 x 102° 1.1 x 1072
16.2 8.5 x 10°8| 1.0 x 1077 5.9 x 1020 1.0 x 107
18.3 712120 7.0x10® |83 x10%° | 9.5x 107

Impure Specimen, Temperature = 20°¢.

Specimen "Debye" Mobility Charge Calculated
Thickness Length 7 Concentration Conductivity
0 (xm) L (m) (m2volt-1sec-1) cRa(m"?) cB“eu(Cflm—l)

1.1 1.4 x 1077 ] 2.5 x 10711 [3.3 x 10%4 1.4 x 1070

3.0 2.0x 1070 | 5.7 x 1001 |1.7 x 10%4 1.6 x 1070

4.9 2.4x 1077 | 2.9 x 107 |2.9 x 10%4 1.4 x 1070

6.8 2.6 x 1077 | 1.0 x 10719 {7.6 x 1023 1.3 x 1070

8.7 8.7x 1077 | 4.8 x 10719 |5.8 x 10°? 4.5 x 1070
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shows that thé method of analysis can distinguish between a purified
sample of liquid and one which has received no treaiment. Allowing
for the spread of results, the impurity concentration for aluminium
and silver electrodes with purified heptanol agree with one another
clogely. However, the values of impurity concentration for purified
heptanol with gold electrodes is several orders of magnitude higher
than for aluminium or gilver electrodes (see Table 5). This is
rather more difficult to unaerstand but a possible explanation would
be the generation of extra charge]carriers in the case of gold :
electrodes.

The mobility values, for a given sample of liquid, also vary
with thickness. There ig a general trend for lower values of
mobility to be associated with thinner specimens. The work by
Smith14 has shown that the viscosity of a dilute solution of sitearie
acid in cetane is of the order of 1,000 times the bulk viscosity of
cetane over the thickness range 3.5um to 0.85um, This anomalously
high value of viscosity is attributed to the presence of a solid. ox
semi-solid boundary layer chemi-gorbed on the electrodes. Heptanol
is an associated liquid, in which the molecules forﬁ chain structures
by hydroéen bonding.

This "structure" allows the possibilty of an oriented sitructure
being adsorbed on the electrodes with the orientation extending into
the liquid for many molecular layers, and it is hoped to invoke this
sort of structure to explain the reduction in permittivity, below
bulk values, which occurs at high frequencies. Thus the possibility
exists, if not of a so0lid or semi-solid layer then of a region of
high viscosity neax the‘electrodes. There are several formulae
relating'the mobility of ions to the viscosity of the liquid in which
they move for example;

1) Walden's law p= An-l, which is valid for electrolytic ionms,
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2) Stokes law pu= e/6rry derived for spherical particles,

3) the relation g= C n-3/2 for the mobility of ions in saturated
hydrocarbons found by Adamczewskils’ls,

4) The relation g= B 1 © where x is the ratio of the activation
energy for the mobility of ions to the activation energy for
visgosityl7.

If a region of high viscosity does exist, adjacent to the electrodes,

then the mobility of the ions will be lower in this region than in

the rest of the liquid, and the mobility figure obtained would be

intermediate tetween the values relevant to the two regions. This

is consistent with the observed data since the effecis of an adsorbed

layer would be greater at lower thicknesses. This cowld atso: explain

the small departures from the simple Debye type behaviour predicted,
since the analysis assumes the mobility of the mobile charge carrier

to be constant.

A second possible reason for this variation in mobility could
be the fact that the second charge carrier may not be truely immobile.
It has not been possible in the present work to investigate the effects
of allowing the second charge carrier to be mobile and therefore
little can be said about the effects of so doing.

Finally there seems to be some relationship between impurity
concentration and mobility. Samples of liquid found to have large
vélues of impurity concenfration are, in general, accompanied by low
mobility values. The migration of the charge carriers, under the
influence of an applied field, results in space charge accumulation
in the region of the electrodes and the tentative idea that this
would cause some resistance to the motion of the carriers seems
plausible,

It is also of interest to compare the experimental values of

conductivity, obtained from the loss factor versus frequency curves,
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with those calculated from the values of impurity concentration and

mobility. For the case of gold and silver electrodes there is reason=-

able agreement between the two values. For aluminium, however, the
values differ significantly, the calculated values heing approximately
two orders of magnitude higher than the measured values. This is
congistent with the fact that aluminium is a blocking electrode,
vhile gold and silver electrodes can be expected to allow some ions
to discharge. It is also significant that the vaiues of calculated
and measured conductivity are of the game order for thé pure and
'impure' samples, suggesting that, for a thin layer of liquid, a
measurement of conductivity is not a reliable means of estimating
nuritv.
From the data gn Table 4 we may plot impurity concentragipn and

i)
LA

ﬁi;jmgpility as a function of temperature as in Fig. 4.7. The{%éﬁea?ity

uggests that these follow -expressions of the form, N = Noeép(Eﬁ[kT)
‘dﬁﬂfL =/u°exp(- ﬂ/kT) vhere E, is a kind of ionization energg;and'Eﬂ

;48 a characteristic energy for the transport process. ‘TLe-Vaiuesuof

% and E, are O.4eV and 0.2eV respectively.
.8. Ani Electroh Injectlon TIHEUTYs -

I.H.Brockman18 has done some similar work to that presented here
and has also noticed the interfacial polarization effect in Heptanol.
However, he invokes a model based on injection of electrons from the
electrodes for the following reasons. Firstly, he argues that the
small d.c. conductivity measured for his liquid layers implies a small
ionic conduction. It has already been pointed out, in section 4.7,
that, based on the singlé mobile carrier theory, conéuctivity measure-
ments may not be a reliable measure of purity. Brockman assumes that
a monolayér of liquid molecules establishes itself with some preferen-
tiai orientation on the electrodes, subsequent layers form, malntaining

the orientation to a certain depth, in the liquid, which depends on




=150~

Nn—heptanol

Thickness 4-29Hﬁ1 :

fad
} =)

Silver electrodes

10" |
E F \ |

Z N )

O ~ \ { Actilvation enlergy
l“ .

< [~ 0.4 ¢V

Qc |

= \

T o\ ]

O

5 N

U'O'll

> .

i \

(e B N

D -

a | \ _

. 10 Q \
2XI0 -
o

e}
G, E

P

> -
dé L /
~— ] /0

> — . .
: Activationijener F//

}_.

5L o O.ISQV/SL

o /

: o}
3.2 33 34 35 36 37 4.0 4.1

38 39

Figure4.7. Variation of impurity concentration and
mobility with temperature.



-151-
factors such as organic structure, temperature, electrode material
and injected space charge. Thus, a negative space charge is assumed
to establish itself in g thin layer near the electrode surfaces in a
region where the electrons have relative freedom to move because of
the molecular orientation,
The analysis continues by assuming the film to be made up of a

series of elemental parallel plate capacitors, with electrode spacing

AL .

Thus AZ =AR/(|+iooAC.AR) (4.39.)
where AC = €, ¢ and AR =p/Af (assuming unit electrode area).
A2 '
The resistivity is given by p = 1/(Neu) and the charge density is
assumed to be given by an expression developed by Mottt and Gurneyl9
: 2
N =N x_ (4.40.)
2,2
(x2+2?)
where x2 = ¢_¢ kT
‘ o T "0
2ﬁNoe2

Substituting this in equation (4.39) and integrating over the thickness

of the filﬁ one arrives at the rather formidable expression

Z=_Q r}’aln(xﬁ-}—JTon +Q"Y

w2 % =IZ'Qx, +Q2)
—hl n( (272 +%)" +QIZ(L/2 +x,) +Q;L

€/ 24%) = QIZ(2 2+ x) + Q")

+ta n"'(J?Q(Q/Z*“Xc) \-j tcn"’(f?Q__io__

Qh(JZ/z +x°)1/, Q' - xj (4.41;)

—

i

+iz g - ([ izl 2l
we, |2 202" (f/2+xo)z~f21Q(Z/2+xo)+Q°')
~hl n(x,1 +2 Qx, +Q°‘)
% ~{Z Qxe +Q°

+ta n"(J?Q(SZ/Z +>ko))—tan"l?axa :
i N e (TP éaz- %]

-
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2 2
where Q" = N X ep / W€ €

FPig. 4.8. shows one of Brockman's curves for heptanol where he states
that a value of 4 x 1074 mvolt tsec ! for mobility and a surface
charge density No of lOlgm"3 gives a good fit to the experimental
curve. No mention is made of the temperatpre so for the purposes of
checking equation 4.4l room temperature (20°C) is assumed. Similarly
there is the question of the choice of €r' Brockman nowvhere
indicates that values of permittivity less than bulk values were
obtained. In the present work values of €r ranging from 5.5, for a
thickness of 18.8um, to 8.0, for a thickness of luym, were obtained
with gold electrodes., FPor the purpose of illustration a value

gr = 8 was chosen. A further complication ayises from the fact that
the present work indicates that the mobility varies with thickness.
However, assuming a constant mobility the theoretical curve shown in
Fig. 4.8. may be calculated on the basis of the equations presented

in section 4.4 of this chapter. The values of carrier density and
mobility, obtained for the single mobilé charge carrier theory, differ
from those c¢laimed by Brockman and despite the assumption of a
constant mobility the agrecement with the experimental curve is very

good.

4.9 The relative Merits of the Electron Injection and Single Mobile

Carrier Theories.

It is generally accepted that conductibn in dielectric liquids
is due to ionized impurities and very exhaustive purification tech-
niqueszo must be employed in order to reduce these tq very low levels.
Ion-exchange treatment may be expected to remove large amounts of
impurities. However, even after ion exchange much further improve-
ment can be éffected by the use of dialysing membraneszl.

This would seem to indicate that the liquids investigated in
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the present work s%till contain significant amounts of ionic impurities,

Brockman assumes field-assisted emission of electrons over the
potential barrier at the metal-insulator interface (i.e. Schottky
emission).Hill22 has shown that Schottky emission at low fields
(<:103ch-1) is insufficient to explain most cases of conduction in
insulators. The results in Chapter 3 were obtained using a measuring
voltage of less than 0.1 volt p.p. in_most cases (i.e. a field of

107 volt cn™! for a film thickness of lum).

the d.c. curvesjpresented in Chapter 3 (Fig. 3.29) for aluminium
electrodes exhizit a V2 law at low stresses. Sehottky emission could
- account for a V® law but the fields applied were much too low for signi-
ficapt cgrrent to be injected. An alternative explanation invoking the
Poole effect is possible. In this we assume a distribution of positive
’ions throughout the liquid.. These could act as.coulombic centres trap-

ping electrons. In the presence of a field electrons may hop or tunnel

between these centres giving rise to a V% law 22

model that the ionic mbbility is very small compared with that of the
electrons and therefore that the ions do not move significantly in the

applied field during the time in which the electrons are transported
through the film.

With aluminium electrodes the liquid layers also exhibit the
"Garton" effect i.e. the loss factor is stress dependent and tan§
versus applied voltage curves exhibit maximum. This effect is
explained by the movement of ions in the liquid as follows (see
section 4.11 for a more detailed description). If a liquid exists
between closely adjacent electrodes, provided that the ions do not
discharge, or recombine on the surface of these, two main effectis
of an applied alternating field should be expected ; a) A decrease
of loss angle with voltage, above a certain voltage depending upon
the spacing between the electrodes, because the ions are not free

to perform oscillations larger than the electrode spacing, b) An

increase in the number of free ions with increasing voliage, because

. It is assumed in this
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the field, by segregating the ions of opposite sign, will lower the
rate of recombination while leaving the rate of creation of new ions
unaltered. It will be seen that these two effects suffice to explain
the existence of a maximum value of loss angle, followed by a
decrease, and is entirely consistent with the single mobile carrier
theory. The approximations made in the single mobile carrier
theory include restrictibns. on the amplitude of potential and charge
flow,thus the theory cannot be expected to account for the "Garton”
effect. However, it is possible ihat a compléte solution for the
conduction-diffusion differential equations for time-varying
potentials would result in stress dependent losses at high fields.
Thus the weight of evidence is in favour of an explanation
based on the movement of ionized impurities in the liquid. The
single mobile carrier theory accounts for the observed phenomena,
predicting the Debye behaviour observed in practice. Despite the
fact that blocking electrodes are required by the theéry, the
results for silver and gold electrodes also exhibit the predicted
behaviour, indicating that a space charge can still develop in the
case of these electrodes. The "Garton" effect observed, for the

case of aluminium electrodes, is further evidence of an ionic effect.

Pig
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Brockman's theory requires Schottky emission of electrons from the

electrode material and this has besn shown %o be unlikely. There-

fore, the tceatment presented by Brockman seems an unktikely explana-

tion of<%he effect. The value of carrier concentration, for the

electron emission theory, is given by 15
N~ 107 e~ (- X)/kr (4.42.)
where ¢= the work function of the metal

X = the electron affinity of the liquid

at room temperature. Typical values of carrier concentration quoted
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by Brockman are of the order of 1019 m-B, resulting in a value of
X~ ¢ . For most insulstors ¢ > X and thus the expected values of

No would be much lower than those required by Brockman'sg theory.

4.10. D.C. Current-Voltage Curves.

The curves shown'in Figs. 3.29 and 330 all exhibit three
distinect regions. The current rises, at low voltages, in proportion
to the square root of the applied voltage. This is followed by an
ohmic region and finally a further change in slope results in a
current proportional to the square\of the applied voltage. This
suggests the following sequence, Schottky emission. followed by ohmie
conduction, and finally a space charge limited current region. The
values of conductivity, measured'in the ohmic region of these curves,
is some three orders of magnitude lower than those found for the a.c.
case. The values T', the relaxation time characterizing the
relaxation process in the single mobile carrier theory, range from
10-4 to 10—2 sec. The d.c. current measurements were made one
minute after the application of the voltage, and in view of these
values of T' it is reasonable to assume that a large fraction of the
ionic charge movement has taken place in this time, Thus the d.c..
curves and conductivity may be explained by assuming electron
emission from the electrodes resulting in the V% law, The valueg of
d.c. conductivity obtained indicate that the number of carriers
generated in this way is lower, by several orders of magnitude, than
the ionic impurity concentration. In the a.c. case, therefore, the
effects of the movement of the ionized impurities may be assumed to
dominate the conduction process as indicated by the close agreement>
of the single mobile charge carrier theory to the observed phenomena.
Fig. 4.9. shows the d.c. conductivity plotted as a function of

[ A

107 / T°A apd the- activation energy calculated from this curve gives

Aitudom itomi. TN o
= T e s e T s

SO |

a value ~ 0.2 eV. This value is consistent with an electronic
conductlon process25.
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Fig 3.31 exhibits a region where the cﬁrrent obeys a higher
than square law at high voltage. These sort of curves were generally
obtained for the thicker specimens and here electrode effects are
not so dominant and this is more of a bulk effect.

Breakdown of the liquid layer often occured, in this region of
higher than square law, and a possible explanation is the generation
of extra charge carriers in the bulk, probably as a result of

collision ionization.

4.11 Stress-dependent Loss Factor: The "Garton Effect."

Figs. 3.27 and 3.28 show clearly the dependence of tand on applied
voltage at high voltages. This effect is generally known as the
"Garton " effect, after C.G.Garton23 who first developed a theoretical
treatment to account for this behavioux. "Garton" effect measure-
ments are often used to determine whether impregnated paper capacitors
are suffering from ionic contamination.

A number of assumptions are made in the development of the theory
and these are listed as-follows:

a) The liquid exists between two plane parallel electrodes, through
which the ions present cannot penetrate, and on.the suxrface of
which they are not held by any adsorption forces.

b) The number of ions present is insufficient'to create any space-
charge gradients comparable with the applied field. That is,
the motion of the ions is controlled solely by the applied field
and the viscosity of the liquid.

c) The life of an ion is assumed to be long compared with the time
cycle of the applied field, so that changes in the number of ions
present during any one cycle may be neglected.

a) To make analysis possible, the positive and negative ions are

assumed to have equal mobilities.
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e) For the sake of simplicity inter-ionic,‘contact-potential and

image. forces are neglected.
Apart from d), these assumptions are consistant with the single mobile
carrier theory.

Two distinct cases can be immediately distinguished, B <.Eo and
E> Eo, where E is amplitude of the applied field, and Eo is the
amplitude of the field required to give the ions a double amplitude
2qual to the electrode spacing.ﬂ. For E £ Eo’ the ions of each sign
will be gathered, =ftexr one cyclelbf the applied field, into a layer
of thickhess ﬂ(l-m), where m is given by the ratio E/Eo. This arises
from the assumption that space charge is negligible. This ionic
layer will oscillate, between the electrodes, every ion having the
full amplitude corresponding to the'applied field. In this, region,
therefore, the amplitude of motion is not limi£ed by the electrode
gspacing, and tand will remain constant and equal to tan 60 over the
range 0 < E< E_, vhere tan 50 is the value of tan § at the stress B,
assuming the number of ions to be constant. There will be two such
ionic layers, one of positive and the other of negative ions., - When
E= Eo, the ions will be gathered into a layer of "négligible"
thickness, and this ionic layer will oscillate from side to side,
just reaching each electrode at every reversal of the applied field,

¥Vhen E > Eo,.the ionic layer will reach én electrode before the
reversal of the field, and will remain stationary there until reversal
occurs, During this stationary period, there will be no loss of
energy, and the value of tan § will therefore fall with further
increase of voltage.

Consideration of the motion of ions for E >»Eo results in the
expressgion .

tand = (1/7 )(6 - sinbh cosh )tan 5, (4.43.)
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where 6 is given by
cosf = 1- QEO/E = 1-2/m (4.44.)
Eqn.(4.43) predicts a sharp fall in loss angle with increasing
stress, as observed experimentally. ’
Experimentally a‘maximum is observed in the value of tan 6 and
this is not predicted by eqn. 4.43 It is reasonable to expect that
the segregation of .the positive and negative ions into separate

layers will lower their rate of recombination and thus cause an

increase in the number of ions during the time the field is applied,.
To find an expression for the number of ions dissociated at any

instant, as a function of the applied field, the following assumptions
are made.

a) Recombination of the ions occurs only during the time when the
two ionic layers interpenetraté; the rate of creation of new ions
being slow enough to justify neglect of that fraction which comes
into existence during any one cycle of the field,

b) Tons of both signs have equal mobilities.

c) There exists a limited number, P, of molecules capable of being
dissociated, per ms.

d) A fraction B of the undissociated ions dissociates every second.
P may be a function of temperature, but is independent of the
applied field. Then the number of ions of one sign dissociating

per second is

n=g(P-N) | -~ (4.45.)
3

where N is the number of ions of one sign per m”.

3

e) The number (N) of ions of one sign per m”’ is tke product of the
number dissociating per second and the mean life of an ion.
That is

N = n’r. . : (4.46.)
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where T is the mean life of an ion.

f) The mean life of an ion, T, is inversely proportional to the
concentration, K, of ions of opposite polarity and to the
fraction of its life which the ion spends in that conbentration.

That is

“rec 1/ (KY) * (4.47.)

where Y ia defined 25 the ratio

Time which ion spends in the concentration during one half-cycle

Duration of one half-cycle

When the applied voltage is zero, ¥ = 1, since the ion is in a
constant concentration of opposite ions.
Using these assumptions, combined with eqn. 4.43 the following
result i1s obtained _
tan6=<-Q + (Q2 + 4(s - l)sQ)%)_(G - sinecose)tanéo
27(s - 1) (4.48.)

Pis defined by ean.4.44, while the expression for Q depends on m as

follows

Q = El/(yrz) =7 f2n -1 form > 1 i (4.49.)

where 21 is the thickness of the ionic layer, and 71 is the value of
in the presence of an applied field.
Q= (1-m?/ (1 -1.636n), for 0< m < 0.5 (4.50.)

Q= 7(1 -m)sin® for 0.5< m< 1 (4.51.)
2(¢sing + cosgp-11)

where sin¢ = (1-n)/m

The value of the quantity s = P/N depends upon the nature of the

ionizable impurity. A relatively large quantity of.impurity, of
which only a small fraction is ionized at any instant, results in
large values of s. For all values above s ~ 10, equation (4.48)

may be written with sufficient accuracy in the simpler forn,



~162-

tan § = (JQ /7)(0 - sinfBcosB)tan, (4.52.)
On the other hand, if the impurity is completely ionigzed, s
becomes unity, the quadratic term vanishes, and tan § is given by
equation 4.43. It is found that the maximum loss angle always
occurs when m = 1 (i.e. E = Eo)’ and when, therefore, # = .

Equation 4.43 reduces, for these conditions to

tan(SmaX = tan 60 (4.53.)
and tan 60 is given by
tanés = N,e2 = N, ef

2n2fp€r€° 2ﬂ<r€°E°

or N, = 27 € B 1:aun<5’max

e (4.54.)
where Nl is the number of ions (of one sign) present per m3 at the
stress Eo' The numbér N in the unstresgsseli liquid may be somewhat
smaller, down to about O.SNl; according to the value of s,

The mobility of the ions may be calculated as follows. When
m = 1 the average potential gradient during one half-cycle is 2E°/ﬂ .
During the half-cycle, the ions move a distance Q , and their average
velocity is therefore 2{f. It follows that the mobility,p, is given
by poewl/ 2B, (4.55.)
The ionic radius may also be estimated as follows. If it is
assumed that the motion of an ion is governed: by Stokes's law, then

the value of the constant p in equation 4.54 is given by

p=6nanr ' . (4.56.)
where r is the ionic radius. Thus we can write
B e
= 0
¥ (4.57.)
37wnl

The results of this analysis, applied to the data shown in
FPigs. 3.27 and 3.28, is shown in Table 7. These values may be

compared with the values, in Table 6, of mobility and carrier
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TABLE 7.

Mobility and Charge Carrier Density Calculated from

"Garton" Effect Measurements.

Specimen Thickness 1.8um.
Impure specimen of heptanol.

Measurements made at a frequency of 600 Hz.

~

P

Temperature(od) Carrier Density(m-3) ;Ah2volt-lsec-q

T

22 ' 9.5 .x.10°% 2.98 x 1077
15 8.66 x 1021 3.49 x 1077

7 9.15 x 10%% 3.40 x 1077
-10 7.36 x 10°% 4.53 x 10~
-14 1.50 x 1022 2.31 x 1077
-21 1.26 x 10°% 2,72 x 1077
-29 4.66 x 1021 6.80 x 10~

N.B, :
The Tesultg for ~14
?

OF 7imens
liquig than the Previoug



There is no such layer presgnt in the case of gold or silver but these

- electrodes are still blocking and so it seems reasonable to assume that

some agency prevents the ions from contact with the electrode surface.

If we assume an adsorbed layer of liquid molecules on the surface of

_ the electrodes then this provides the necessary barrier between the ions

f;fand the electrodes. The force between an ion and its image in the

'”"f‘electrode is inversely proportional to the square of the distance

' ﬁetween the ion and the electrode surface. Assuming a thickness of

e 10 & for the adsorbed liquid layer and 40 ® for the oxide layer on

':5: a1uminium means that the meximim force developed between an ion and

‘ ~‘!‘;,ni‘ts image in the electrode is twenty-five times greater for gold and

 5;silver than for aluminium, Thus larger fields will be required to

’  y§observe the Garton effect in the case of gold and silver electrodes.

r "f}Compensating this effect to some extent is the voltage dropped across

"%f‘the oxide layer in the aluminium system. This voltage can be

."chalculated knowing the permittivity and thickness of the oxide layer

and turns out to be approximately 1% of the total appIied voltage.,

v~ Thus the field across the liquid, for a given applied voltage, will

be approximately the same for gold, silver and aluminium electrodes,
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6oncentration calculated for the same sample of purified heptanol.

The values for carrier concentration are of the same order of

imagnitude while the mobility given by the "Garton" effect is a factor

of 10 lower than that given by the single mobile charge carrier theory.

Allowing for the approx1mate nature of both theorles the agreement is

" e
it 3 e bt

FIAH

_be typically 40 A deep. SEE INSERT.

quite good. It is dlfflcult to‘understand why the Garton effect was
not observed in the case of gold and silver electrodes, The Suttor.
theory indicates that both gold and silver electrodes, as well as
eluminium, are blocking, therefore we cannot say that the Garton effect
ghould.be absent with gold and silver electrodes. A possible explana-
tion of this can be found in terms of inage forces at the eléctrodes.
In the development of the Garton theory, image forces are meglected
(see assumption;e), page 159).

Aluminivm will have a layer of oxide on its surface which will

;yﬁhigher: i.e.nv—o;4eV for both mobility and carrier concentration.

Pigs. 3.27 and 3.28 also show that the permittivity is stress
dependent, above a certain value of applied fieid the permittivity
falls with increasing stress. Thig is also a conseQuence of the
limited ionic motion, The interfacial polarization results from the
relative movement of the charge carriers. For values of applied
field greater than Eo’ the ions are stationary for a time which
increases with increasing stress. Since there is no relative motion
between ions of opposite sign while they are stafionary the inter-
facial polarization, and therefore the permittivity, falls as the

stress is increased above Eo'

4,12. Hindered Dipolar Rotation.

The value of €4, Obtained for the thin layers was found in general

to be less than the relevant value for a bulk specimen, The majority
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Impure n-heptanol
Thickness 1l.8um
Frequency 600Hz
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Temperature dependence of mobility and charge

concentration from "Garton" effect measurements.
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of the measurements vwere made using n-heptanol (heptan-1-ol), At
room temperature the bulk static permittivity (for the orientation
polarization) is approximately 12 (see Fig. 4,11) and the relaxation
time is approximately 1.4 x 10—9 se024. The upper frequency limit in
the present investigation was 20 XHz and thus we may expect the
permittivity of a large specimen to be constant and equal to this
static permittivity over the frequency range covered. The only
reasonable explanation of this lowering of permittivity is that the
heptanol molecules are not completély free to rotate near the electrodes
and thus the orientation polarization is reduced, resulting in a lowcr
value of permittivity than expected.

A crude theory to explain the observed values of €, for the -
interfacial polarization effect has been developed as follows.
Heptanol, in common with other alcohols, i, an associated liquid. The
hydroxyl groups of different molecules interact with one another,
forming a hydrogen-bond, which links the molecules together, As
mentioned in section 1.7. of chapter 1, this hydrogen-bond devélops
egssentially betwéen.the hydrogen atom of one hydroxyl group and the
(2p22) lone-pair electrons of another hydroxyl oxygeﬁ: its energy,
of the ofder of 0.25eV, restricts the mobility of the hydroxyl groups,
and as the bonding can continue through a chain of such groups
(Fig. 1.1b) considerable "structure" is produced in the liquid. The
equilibrium in the association of alcohol molecules, nROH=>(ROH)n,
is a dynamic one, and a range of values of n, i.e., in the complexity
of the multimer (ROH)n is usually encountered. It may be assumed
that the formation of a hydrogen-bond does not influence the dipole
moment on the moNomeTs. Thus heptanol, in the liquid state consists
of é distribution of chain-like multimers of different sizes. The
terminal OH group of a2 heptanol multimer may be bound to the surface

of the electrodes by virtue of its polar nature. Thus an oriented:
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Figure 4.11. Static permittivity of (bulk) heptan-l-o0l

as a function of temperature.
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layer of molecules can exist at the electrode and this orientation
will be maintained to a distance, into the liquid, depending on the
size of the multimers.

This adsorption of the multimers onto the surface of the
electrodes restricts their ability to rotate and if it is assumed
that all rotation is prevented, then the orientation polarization
disappears for these molecules. The permittivity for this adsorbed
layer would then be given By the value of €., for the orientation
polarization and this is given as approximately 3.3, at room tempera-
ture, by Middlehoek and Bottcher24. So the liquid layer is assumed
to comprise of three regirns ag illustrated in Fig. 4.12. Two
regions, one at each electrode, each of thickness ﬂl/2 metres, where
the permittivity is equal to 3.3 and the bulk of the liquid, thickness
g, =- Ql (£ - total thickness of liquid layer), where the permitti-
vity is equal to .12, a% 2OGC. The liquid layer may then be treated

as two capacitors in series, C, due to the two oriented layers with

1

permittivity €l (= 3.3), and C, due to the bulk of the liquid with

2

permittivity 62 (= 12). The observed capacitance will be given by

C=_ %% (4.58.)
Cl + 02
or ¢ = ¢¢el (4.59.)

Sl + €4,
where Q = Ql +-Q2

Rearranging (4.59) gives
,Ql =(€1/e) € - € Q ' (4.60.)

€2-€l
Using eqﬁ. (4.60) the effective depth of penetration of the oriented

surface layer, ﬁl/2, can be calculated from the assumed values of

{
H
i
i
i
I
i
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C = C‘KZZ
C, -+ C2

E‘_ = , €|€2,Q
C‘Ql + €zz!

Figure 4.12. Model of ﬁindered dipole rotation effect,




In view of the improbably large values of thickness of the

o#iented layers (up to Qﬂm) it is unfortunate that measurements of
ﬁermittivity were not made at greater thicknesses using the optical
wedge -cell, to check whether the measured values approach the accepted

1k values at higher thicknesses. The values of permittivity
e with bulk values,

»

measured for non-polar liquids such as heptane agre

however the presence of hindered rotstion must remein speculative.

e Drai s T
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€1 and 62, and the observed values of €, The results of this
caleculation are given in Table 8. The predicted values of the
effective length over which'orientation is maintained are rather
large, but it must be borme in mind that the model used is extremely
ﬁimple. One can also calculate the percentage of oriented material

‘ﬁn the liquid layer, and this is plotted as a function of thickness

"y in Fig.4.13. In the cases of aluminium and silver electrodes the

~ percentage of oriented material is reasonably constant for thicknesses
igreater than 10um, but shows a marked change between 5 and 10um.,
V‘For gold electrodes the change in the percentage of oriented liquid

‘:oocurs between 10 and 15pm, while for thicknesses greater than 15um

“the curve seems to be levelling off at a value comparable with that
obtained in the case of aluminium and silver.

A more realistic qualitative description may be given as follows.
An oriented layer is again assumed to exist on the electrodes with a
valuve of permittivity approximately egual fo € ( =3.3 at room temp.)
for the orientation reléxation. However, a more realistic size for
the layer is assumed to be, say, some tens of Angstrom units. A
secénd layer of molecules can then form on the first; but the mole-

cules in this layer can rotate a little, and therefore have a higher

permittivity than the first layer. :This can be envisaged as repeating

until the bulk permittivity is reached. For such a model there will
be & smooth transition from the lowest value of permittivity up to
bulk values and the ovefall permittivity of such a system would be

8till less than the bulk value,

4.13. Summary.

Despite the approximations made in the a.c. single mobile
carrier theory it accounts very well for the observed phenomena.

The experimental curves'of permittivity and logss factor versus
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TABLE 8.

Effective Length of Adsorbed, Oriented Layer in n - Heptanol.

a) gluminium electrodes, temperature 25°C, purified ligquid.

Specimen Thickness €oo 4/2
£ (um) (um)
3.3 7 0.45
5.5 o 0.75
11.8 6.5 1.9
16,2 6 3.1
18.3 6 3.5

b) Aluminium electrodes, temperature 2000, impure liquid. -

Specimen Thickness €oo 2/2
g (um) (m)
1.1 9.3 0.061
3.0 9.2 0.17
4:9 8.4 0.40
6.8 - 7.5 0.78
8.7 6.3 1.5

c) Silver electrodes, temperature 24°¢.

Specimen Thickness € 2,72
 (um) (um)
4.29 7 0.58

7.20 6 1.4

11.5 6 2.2

13.4 6 2.5

17.5 6 3.3
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TARLE 8 (continued)

d) Silver electrodes, specimen thickness 4.29um.

Temperature €eo 49,/2
°¢c (ym)
+23 7 0.56
+ 6 8.25 0.42
-11 9.11 0.36
~18 9.8 0.32
-28 10.0 0.32

e) Gold electrodes, temperature 26°C.

Specimen Thickness €0 4/2
A(um) (um)
1.0 8 0.095
5.0 8 0.48
6.9 8 0.66
9.0 8 0.86
13.2 7.4 1.6
15.0 5.9 3.0
18.8 5.5 4.2
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Curve (1) - Aluminium electrodes, purified liquid.
Curve (2) - Aluminium electrodes, impure liquid.
Curve (3) - Silver electrodes, purified liquid.
Curve (4) - Gold electrodes, purified liquid.
30
-J
<
= o (4)
t; 20 4 ?//
T8
P> //)}’ oo —de
o) //
i
- //// /////d
pa
ul AN
z AN gl
: T/
> /
A
!0 - fo] — S
°
N
0

0 2 4 6 8 10 12 14 16 18 20

THICKNESS OF SPECIMEN ( m).

Figure 4.13. % of oriented material as a function of

specimen thickness.
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thickness can be described, with a high degree of accuracy, by a
Debye relaxation as predicted by equations (4.26). The parameters
describing the relaxation, Es,eooand T! may'be used to calculate

the impurity concentraticn and mobility. "Garton" effect measure-
ments for specimens with aluminium electrodes also give values of
carrier concentration and mobility which are in approximate agree-
ment with those obtained from the single mobile carrier theory.

The mobilities and carrier cuncentrations calculated from the single
mobile carrier theory are different for differeunt thicknesses.

The variations in carrier concentration probably result from contami-
nation of fhe liquid by the material of the measuring cell (notably
the glass optical flats). The likely explanation of mobility
variations arises from the existence of an oriented layef adsorbed on
the electrodes, | |

An electron injection theoxry, due to I.H.Brockmanle, is also

presented. However it has been shown in earlier sections of this chap~
ter that electron emission from the electrodes is insufficient to explain
the conduction currents obtained with the fields used. The d.c. curves

C

indicate that electronic condﬁfion is poséible<put in.the a.c. case this

will be swamped by the ionic conduction. Also Brockman's equations are

cumbersome and calculation of mobility and carrier concentration
involves curve fitting with these as arbitrary constants. Further-
more for this electron injection theory, as presented, it is necessary
to have a liquid which forms an oriented layer on the surface of the
electrodes, while the single mobile carrier theory is applicable to
any liquid containing ionized impurities, as all liquids inevitably

do to some extent, The fact that little variation of permittivity
with thickness is observed for liquids such as Aroclor, heptane and
chloroheptane (Fig.S.B) mesns, in terms of the single mobile carrier

theory, that the mobility and carrier concentration were such that
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the relaxation was simply not observed. If one plots permittivity
against thickness for heptanol at high enough frequency, then little
variation is observed.

The lowering of permittivity below bulk values, observed at high
frequencies is qualitatively explained in terms of hindered dipole
rotation, The existence of hydrogen-bonding in heptanol results in
the possibilty of an adsorbed layer of molecules in which the orien-
tation polarization is suppressed, i.e, the permittivity is lowered

with respect to the bulk of the liquid layer.
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CHAPTER 5.

Conclusions.

5.1. Conclusions.

The main conclusions to be drawn from this research are that the
values of permittivity of a thin layer of liquid may either be greater
than or less than the value appurtenant to a bulk specimen,
depending on conditions.

The enhanced permittivity at low frequenciess is attributable to
the motion of lonized impurities, whose concentration and mobility
determine the dielectric response ‘of the liquid, A complete
solution of the conduction-diffusion differential equations is
probably not possible in analytical form and the theory presented is
a first order approximation. However, tha predictions of the
approximate solution fit the observed phenomena well, The inter-
pretation of the calculated mobility values is difficult since they
appear to be dependent upon thickness, Several ideas are put for-
ward to explain this effect, but on the hasis of the evidence
available it is not possible to distinguish between them. However,
the carrier concentration and mobility, the a.c. conductivity and
the Garton effect measurements are all roughly in agreement with one é
vanother, indicating that the single mobile carrier theory is a friait-
ful approach to the problem of conduction in thin layers of insulating :
liquids. | ' §

one. of the original aims of this reseafch was to see if measure- |
ments of the electrical properties of thin lsyers of liquids could be f
used to easily and positively identify various types of contamination. é
This-has‘not proved possible, but it is>encouraging that the single :
mobile carrier theory, despite its approximate nature, can distinguish

easily between liquids containing different levels of impurities.
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It has also been shown that care must be taken in interpreting
the result of a d.c. conductivity measurement. The relaxation
time, 7'. which characterizes the interfacial polarizaiion, may

have a value such tha% a large part of the ion movement has taken

place before the current is measured. As a consequence erroneously

low values of conductivity can result.

Values of permittivity, less than those appropriate to bulk
specimens, have been observed in two of the liquids investigated,
namely Aroclor 1242 and n-heptaﬁol. Both or these liquids form
hydrogen bonds and a qualitative interpretation of the permittivity
values has been advanced, based on the assumption “hat such mole-
cules can form an adsorbed layer on the surface of the electrodes,
in which the permittiviiy has a lower value than in the bulk of the
liquid, ,

Finally the validity of the electron injection theory,-put
forward by Brockman, may be commented upon. While not questioning
the fact that the analysis is correct, the validity of the theory
for the case of a liquid aielectric existing in a thin layer is
believed not to be proved. The assumptions made.in this theory
limithits applicability and although injection of charge carriers
has been shown to be possible, the weight of evidence is in favour
of a description based on the behaviour of ionizable impurities

within the liquid.

5.2+ Areas for Further Research.

The a.c. measurements made in this study covered a limited
frequency range and the complete relaxation behaviour, which has
been attributed to the movement df ionized impurities, has only
been résolved for the case of heptanol. In order to test the
éssertion that anyAliquid which contains ionic impurities shows

this interfacial polarization, the frequency range needs to be
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extended to much lower frequencies and thinner films investigated.

Very low frequency measurements can give information about the structure

of amorphous films.

Purther investigation of the Garton effect would be very
useful in view of the fact that gold and silver electrodes do no%
show the effect. As pointed out in Chapter 4, section 11, there is
some reason for believing that higher;fields are needed for gold
end silver electrodes'before the peak in the loss tangent curve will
be observed. Experiments with gold and silver electrodes need %o
be performed at higher stresses than those possible in this work.
The effects of thickness, frequency and temperature on thre streés-
dependence of the loss factor should also help to resolve the problen.
There is'&lSo'the'qﬁestion of reproducibilify“;f the results
with different liquid samples. Experiments Qhere”the measuring
cell is incorporated within a purification system should improve
reproducibility sincé this would give bettef control over the impurity
levels pfesent.

Various experiments could be performed to‘determinéthe nature
of the carriers responsible for the observed relaxation effect.
The weight of rvidence is in favour of ioniec conduction and there
are three experimental methods of distinguishing ionic and electronic
charge carriers when activation energy measurements are indeterminate.

If the carrier is ionic, the application of a d.c. voltage for a

~ sufficiently long period of time will cause }he carriers to accumulate

at the electrodes where there presence may be detected by physical
metths. Secondly, the large transit time involved in the transport
of ions can be detected by applyingrectangular voltage pulses and
observing_the decay in current response. The third metﬂod involves

observing whetherror not the current decays to a steady d.c. level,
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after applying a d.c. voltage.
Finally,. it would be instructive to investigate the hindered
rotation effect more carefully to determine whether or not the effect

is a real property of these thin liquid films.

~
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APPENDIX T.

The Wayne-Kerr B22l Universal Bridge.

The Universal Bridge operates on the transformer ratio-arm
principle (see Wayne-Kerr Monograph No. 1, The Transformer Ratio-Arm
Bridge, Wayne-Kerr Ltd., New malden, Surrey.) and a brief discription
of the principle of operation is given here.

With reference to Fig.l the bridge consists essentially of two
transformers Tl and T2 and a set of shunt connected conducténce and
capacitdance siandards Gs and Bé. The operation of the bridge is as
follows. "he primary of Tl is energised by an oscillatoxr at any
frequency within the range 50 Hz to 20 Kﬁz énd voltages (VS, Vx) are
induced in the secondary windings. These voltages are applied to
the standard admittance Yé (= Gs +st) and the unknown admittance Ty
respectively. Currents proportional to the product of these
respective voltages and admittance flow into the two primaries of T2.

These currents are givén by the equations'

i= VY | (1)

i, =V, _ (2)
and flow through the windings of T2 in‘such directions that the
magnetic fields which they induce in its core are in opposition. A
voltage proportional to the difference between is and ix is then
induced in the secondary of T2 and this voltage is amplified and
detected. When the bridge is in balance iS = iX and the detector
indicates zero voltaée. Then from equations (1) and (2)

Yo = YV /Y | (3)
Tappings on the secondary winding of T1 enable VS/Vx to be varied,

thereby enabling a wide range of values of Yx to be measured with a

single set of standard capacitors and conductors.
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In order to avoid problems of breakdown due to +too high a
value of the voltage (Vx) applied to the sample an attenuator can be
inserted between T1 and the unknown admittanoe(Yx). The reduced
voltage results in a correspondingly reduced curreni (ix) flowing
through the unknown, and thisarrangement alone would result in a
false value for the unknown being obtained when balance was acheived.,
The situation was corrected by inserting a current amplifier between
the unknown(Yx) and T2 which magnified the current (ix) by the same
factor as that by which Vx was reduced. A simplified diagram of the
modification 1s given in Fig.2.

The network Rl’ R2 reduces the voltage across the unknown by a
factor A = (Rz/(R1 + R2) )« This reduced voltage drives a current

through the unknown which, if the input impedence of the amplifier

-,

is small is ixA

ive. i A=YV A (4)

The arplifiexr boosts the input current by a factor B to give the
current iXAB which is fed to one of the Primaries of T2. If A is
adjusted to be equal to 1/B this current will then become ix’ ag in
the unmodified case. The modified bridge can then be used in exactly
the same manner as the unmodified 6ne, and the unknown admittance can

then be measured directly as above,
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APPENDIX IT.

The Measurement of Film Thickness by Optical Interferometry.

The law governing the formation of interference fringes produced by
division of amplitude ié usually called the "cosine laﬁ". With
interference between plane surfaces the effects produced depend upon
whether the reflections (or transmissions) arise from a parallel-sided
reflecting film of transparent material, or from a film in which the
faces are inclined to each other, the latter case usually being called
a wedge. In the former case the fringes occur at infinity, but the
wedge~fringes are localived.

The cosine law is most easily deduced from the interference
effect in the parallel-sided film, Consider parallel rays (Fig.l),
Al, A meeting the surface>Bl,B of a plane parallel sheet of material
of thickness t and refractive index [ . The ray AlBl refracts to Cl
where it reflects to B. At B it meets the ray AB and both:tnavel
towards C. The two rays are in a condition to interfere.

From Bl and B drop respective perpendiculars BID and BDl‘ The
path aifference in the air is BD. Tn the medium the path length is
3101 plus ClB° The time taken for Bl to reach Dl in the medium is
the same as that for D to reach B in air. Thus the_path difference
A is Blc1 + ClB - BID1 in the medium, Now produce Blcl its own
length to E and join BE, The path differgnce A equals D1E° As

BE = 2t then D.E = 2tcos® in which € is the angle of refraction in

1
the medium. In air the equivalent path difference is then 2utcos @ .
Heflection at B will introduce a phase change of 7 which is

equivalent to altering the path length by A/2. Since the beans
would have reinforced when the retardation is an integral numbef of
waves (if not for the phase change), it follows that when nA = 2utcos@

v

we get interference producing a dark fringe. This ig the cosine law.
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Figure 1.

Figure 2.
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Bright fringes form for (n + %)\ = 2ut cos @.

The basic formula nA = 2utcos 6 contains the possible variables
UyA, t and @ which determine n, the oxrder of interference. In
general, [ cannot easily be varied and in very many experiments it is
constant; often it caﬁ be taken as unity. This leaves A, t and @
as the frequent variables, Qnd on this basis a classification of

fringes can be made as follows:

pature of Constant. Fringe Name
light - quality type
Eonochromatic t Equal inclination Fabry-Perot
i,e. Aconstant
e Equal thickness Multiple-beam
Fizeaun
White light 6 Bqual t/x Equal chromatic
i,e. A variable order
4 Equal (t cos6)/ A White-light
Fabry-Perot

For the work contained in this thesis fringes of equal chromatic
ordgr were used to measure the electrode spacing in the mercury
squeeze film cell, the micrometer cell and the cells using optically
flat discs. All the experimental data was obtained using the
optical-wedge form of cell and fringes of equal thickness of the
Fizeau type.were used to determine the inter-electrode spacings in this a
cell. |

If a wedge of quite small angle is considered, then the basic
formula nA= 2ut cos@® derived for a parallel sided film will still
hold closely enough. With such a system the fringes will appear
as in rig. 2, at thoée positions A,B,C,... on the upper surfacg at
which the wedge thicknesses t are A2, 2MN/2, 3M2..., etec,, if for

convenience it is assumed that the incidence is normal and g is unity.
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A line such as AA' is the locus of points for whiech n is constant,
since, for such a line parallel to the edge of the wedge XY, t is
constant. Thus straight-line fringes are formed and thege are called
"fringes of equal thickness", for although t varies on moving from
Y to D, yet each fringe is a traverse of points for which the wedge
thickness is constant. The fringes can be considered as height~
contour lines exactly ;s on a geographical contour map. If either of
the two surfaces is irregular, then the fringes will coﬁtour the
irregularity, each following a patﬁ of constant optical thickness of

the air film,




