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ABSTRACT

The aim of this report is to investigate dielectric behavior at weak
electric field. The behavior of permittivity, a defining property of
dielectric‘magerials, at weak fields is mostly discussed.

The theoretical approach implies that the permiﬁtivity is not influenced;
by)the field intensity.at relativeiy weak electric fields. However, the
external disturbances such as frequenéy; temperature, and humidity, play
an important role in determining the permittivity. The temperature and
frequency dependence of’dielectric materials are'also considered in~

connection with the electric field. .

The behavior of six different dielectric éamples at’ relatively weak

‘electric fields are investigated. These samples ‘are.being used in

Electro-Odocell, an objective odor measuring instrument, on which a research

)

work is going on at Robert College Research Center, under the supervision

of Prof. Dr. Necmi Tanyolag. » .
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INTRODUCTION

All materials, whether the& are coﬁahctors, semi-conductors or
insulators, conduct electricity to a greater or lesser extent. Evefy activity
of electrical engingering involves some need of such materials that do not
conduct electricity. The materials that posses this property arewknown,as
insulators or more corréctly, dielectrics. According to ASA definition, a
dielectric " is a medium having the property that the emergy required to
establish an electric field ié recoverable, in wh&le or in part, as electric
energy'. Insulating materials are only impeffect dielectric materials. The
non-conducting and energy-storage properties pléce_the dielectrics améng the
most important préctical engineering tools.

| Recen;ly} due to their imﬁortant properties} the behaviors of dielectric
materials have been studied Witﬁ an increased interest. The results of these
studies, of course, have established various classificétions.of dieléctric
materials, such as solid, liquid, gaséous dieiectrics, or organic, ino;ganic
dielectrics, or polar, non-polar d%electricé, étq.. Still today, there are
many reseafch works going on for the developmént bf éhé dielectric behavior
and properties.

In this report our aim is to investigate the effecté of weak electric
fields on the dielectric matérials. In order to fealize this aim, first.a
- model must be proposed. Begiﬁning with this model, the behavior of dielectric
materials at weak electric field intensities, cén be examinedifrom microscopic
aﬁd macrosbopic pqiﬁts of Yiew. In this report we have tried to follow this

procedure.’
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In short, the first two chapters provide a brief Aiscussion of
fundamentals associated with dielectrics and fiélds. "The third chapter
explains the dielectric beﬁavior from the ma;roséobic peint of view.
The fourth cﬁapter relates molecular structure to two specific dielectric
parameters.. Finally, the fifth ch;pter deals with the discussion of the
dielectrié behavior in weak fields, evaluation of the resulﬁs obtained
frbm measurements, and apblications of dielectrics. Chapter six
summarizes the main conclusions of the report.

Sum dielectric data is also ﬁrovided in appendix D.

' The main abbreviations used in tHe reports are as follows:

1. The bar of the tob of a letter represents a vedtor,.X;4

2. The dot between two vecfor quantities represents doﬁ'product.

3. § repreéehts a closed surface integral.

4, I stands for summation.

At the end of the report a selected bibliogfaphy is given for

further references..
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CHAPTER I

FUNDAMENTAL THEORY .OF DIELECTRICS

Inorder to appreciate the microscopic and the macroscopic ésﬁects
of'dieleé;ric béhaviqr in electric fields, a theoretical modél ba;ed on
the atomic and molecular structure is néedéd to provide a kﬁowledge of
the fundamental-mechanisms involved in dielectric materials. In the days
of Michael Faraday (1791-1867), whq.aeveloped:the concept of dielectric

‘pOiérization,,such a theoretical modei was in a wide use in the continuum
theory. The solid, in this classical model, was assumed to be compésed of
large number of palrs of equal but Oonsite point.charges fqrming "electric
dipéles" of infinitesimal dimensiﬁné;

This theoretical.modél.can.fufther be modified by'visualizing that all
matfer is built up from electrically charged bartiéles, positive nucleii |
surround;d by clouds of negatively charged particles,'eiectrons. These
nuclei and electrons form in many‘Cases’neutrai'atomsband molecules.

Thus formed étoms do not éxhibit any dipélér~chéraqteristics when ‘they
are in.stationary states éﬁd Ab external force acting én them. Combination
éf atoms of diffefent types, sometimes, form moleculeéltﬁat do not normaliy

- share their‘eiectrons symmetrically. As a result of this phenomenon the
elecﬁron clouds are shifted eccentrically toward the‘stronger‘bihding atoms -
hence constitutiﬁg electric dipoles. Such molecules, possesiﬁg‘permenant
and appreéiabler&ipole moments, are termed as "polar" ﬁolééules like 'H20.

In cases where thekconstituentiatoms of molecules are similar, the dipole

moment mﬁst vanish fqr reasons of symmetry, an example being Hy in cohtrast“

¢
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to Hy0 molecules in which there is a displacement of charges between the
bonding of H and the O atoms, |

The movements of constituént charges charactérize dielectrics in which,
ideally, no net charge appéars. The elemehtary charges that make up the
dielectrics. cannot move freely through the medium as it is the case in the
conductoré, but they éan be displaced. In dielectrics theré exist two
different types of interaction forces. First, forces due to chemical bqndiqé,
van der Waal's attractionland atomictforces of repulsion, are éffective |
between neighbouring atoms. Second, forces dﬁe to interaction between
elect:ostatic dipoles &hich compared with diﬁoles, are of very iong—range.

The baéic model outlined in the previdus-pafagraphs>is fai:ly:édfficieht
to describe qualitatively what happens when a.dielectric is placed in a
uniform egtern;l>fie1d, E;. The application of a uniform external field
onto a dielectric slag, by means of a péir of iargé—areé parallel conducting
plates carrying a fixed charge, q, will bring forth small displacements in
the charges of the dielectric.

In the case of dieleétrics poésesing nonqular mqlecules, as the
electric fleld is applied, the fbrcgé apting upon the charges result in
sméll displacement of the electrons relative to the n@éléii. The field
causes all the positive.charges to move along the direction of the field,
ahd all the negative charges to mo&e in the opposite direction, thus inducing
electric dipoles 'into being. Since thé forces Sind the electrons to the
nucleii, these displaceﬁents éannot extend beyond an‘atomic diameter for
normal fiéld intensities, and reactivé forces arise,tﬁat are proportional to

the displacements. Figufe 1 illustrates in a schematic way, the transition of
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particles from pure neutral to dipolar condition. )

In the case of dieleétrics posses%ng polar mqléculés, howeﬁer, the
applied fieid tends to direct thelpermenant dipoles to align with the field
itself. Because the molecules are in constant thermal agitation, the degree
of alignment is not complete, but variésAas the applied electric field or
the temperéture is varied. The permenant dipole behavior before and after
the application of an electric field is illustrated in Figure 2.

In general, whether qr'not'the molecules have permenant elecﬁric dipoié
moments, they acquire them by induction when pléced in an electric field,

and the induced dipoles are present only when the electric field is present.

Therefore, the overall effect of alignment and induction is the polarization

of the dielectric slab although it, as a'whole, remains electrically neutral.

- RN

R T Py iy P
O o O O o0 —8+ _8+—8+ —8+ _8+
© 0o o o of 8+ 84 34 73478,

bbb

Figure 1

During the formation of polarization, a certain.amouﬁt of charge is
4transported throﬁgh every plane eiemeﬁt in the dielectric slab.‘ This
_trénsportation is called the diéplacement éufrent.2 Evefy Golume eleﬁent
of the dielectric alsa acquires an inddced dipole moment so fhat the whole
slab behaves like-ankéssémbly'of‘electric dipoles parallel to>one'another

and very Close_togetheflwhen the equilibrium state is reachedf

§
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With the applied field present, within the slab of dielectric‘ the
dipoles' electric fields cancel, sipce no excess'charge appears in aﬁy
given volume element as stated earlier. At the’plate surfaces this is not
possible; the uppermost and the lowest layers of charges, positive charges
on one layer and negative charges on the other, do ﬁot éancel. The
magnitudés of these indﬁced layers must be equal sincefthé slab remains
electrically neutral.

At the boundary surfaces of thevdieléctric and tﬂe conductor plates,’
the -charges thus fprmed by polarization on the two extreme iayers ofvthe
slab, neutralize the charges of equal value but of oppbsite sign oﬁ the

conductor plateé. The initial charges on the conductor plates are usually

. denoted as "true" charges, where the charges that are compensated by the

polarization of the dielectric are termed as "bound" charges.
Now a decrease in the applied field within the dielectric is expected
since the true charges, which are responsible for the applied figld,'fo,

are decreased by an amount equal to the induced surface charges, bound
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charges of the dielectric: In fact this is the case. A more simple
approach to this phenomenon would be the consideration of the 1nteraction

between the electric fields set up by the true charges and by the induced

surface charges of the dielectric. The

8 0 80 @ H A ; . =0 4
¢5°¢ ¢ # ) electric field, E', created by the induced
) T L ' —-— .
i © | @1 ?| OIN=N Eo charges, appears in such a way that it
' W | I ’ . :
R BN ¥ .
i i | |1 ] opposes the external field associated with .
L I A _
I & | dl I : v the true charges on the conductor plates
i [ ]} | | E A
| ! ] I : I as illustrated in figure 3. The resultant
| | I l @ I v ___'
.9, ®' 4 E' field, E, which is in the same direction
4 * ¢ *JB y . ’ ) c
B 8 8286848 of the applied field but smaller in magnitude
is the vector sum of E ' and.E'; Therefore
it can be ea51ly stated that if a dlelectrlc

Figure 3

is placed in an electric field, induced

surface charges appear in such a way that they can tend to weaken the original

field within the dielectric.

With the aid of ‘this fundamental the’orj of dielectrics, behavior of

the dielectrics in electric fields will be examined to a greater extent in

the f'ollowing chapters.

: REFERENCES

I. H. Frohlich, Theory of Dielectrics, Oxford University Press,‘l958.

2. C.J.F. Bdttcher, Theory of Electric Polarization, Elsevier Publishing
: Company, Amsterdam, 1952, p.37. | A

3. 1ibid, p.39.
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CHAPTER 1II
ELECTRIC FIELDS AND DIPOLES’

A. Electri; Fields

Electric fields p}ay an impoftant'roie when dielectrié beha&ior in
electric fields is the subjeqt of the discussion. It will be, therefore,
convenient to choose the basic concepts of elgctric fields as the starting
point of the_discuésion on its effects to the dielectrics.

Experiments conducted on electrically charged bodies.show that there
exists force between the charges. It is wéll kno&n that like charges
repel but opposite charges attrack each other. This electrical force is
found to depend on the medium in which the cha:geé are embedded. The
other interesting results obtained from expérimenfé‘can be classified as,
first, tﬂe férce between the charged bodies is inVersly propq:tional to
the sqpare'of the distance between them{ second, the force acts along the
éxis of the chargeé. All these,facts'can'be sﬁmﬁed hﬁ-into a single
expressién; The statement; expressed in vector notation is

Fox—ll T PR

o}
EI‘Z

This above expression is the well known Coulomb's law. ';0 = {;/r) is the
unit vector from one charge.directed away from the other, and r isg the
distance.between-the charges. ¢ is a property of the’mediﬁm and it is
called the permittivity. The permittivity of a medium is related to the

permittivity of the free space, € through the relation € = €, €, where

T 4



THESIS

ROBERT COLLEGE GRADUATE SCHOOL o ,
BEBEK, 1STANBUL ' . PAGE 9

o

af is the relative permittivity. Relative permittivity»is an unitless
constant of proportionality, K is the constant of proportionality and
in the rationalized MKSAl units.it has aivalue of 1/4w. The permittivity
of the vacuum, €4, has the value of 1/(36??)‘1()_9 Farad/m.

It is seen from equation (2-1) that an electric chafge experilences -
a net force from the neighbouring chatge, as well it.exerts force on. the
other. When more than twé Charges are involved, the force on any charge - -
is the vector sum of the forces from egch of the other‘chargés. The
region of influence of a chérge ié termed as its electric field. The
strength of the force aué to a charge at a point is defined as the force
experienced by a unit test charge placed at that point. ’This'strength
is the electrit field intensity,'f. - Therefore, by;definition, the.electric

field intensity, in general, can be expreséed as

CE = lim - :._E_' . 9.2
9+0 q 9 |
One important aspect concerned with the field intensity is its
dependence on the medium in which it exists. The field intensity arising
from a point charge reveals this fact. The field intensity due to a
charge, combining Eq. (2-1) and (2-2) is
E-—4 7 : 2-3

(o]
Awsrz

Hence, the field is a function of the medium, € . Although it éppears
in the last relation that the field is a function of the distance, it is

not always.the case. The field intensity of a sheet of charge defined as 2

E = QS/ZE, is_not a function of the seperation, where Qs is the surface
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charge density.

At this point it is convenient to introduce another concept in

relation to the field intensity. It is the electric flux density, or

as it is sometimes called, the electric displacement;'ﬁ. it is defined as

D = €E - 2-4

The flux density of a éoint charge, making use of Eq. (2-3) and Eq. (2-4),
is given by, - '
3:—-9———--170 ‘  2-5
4ur2 '

which is not a function of the medium as it stands. 1In thé MKSA éystem
the unit associated with thebflux'density is coulombs per meter équared.

For an electric field, the number of li;es of force that cut a
surface is defined as thé electric flux, V. Cénéidering a point charge
| surrounded by an arbitrary close surface,
S, the flux density at anyvpoint on the
sﬁrfécgbis given by equation (2-5). The
amount of the flux passing through aﬁ
éleﬁehtal_area dS on S 1s determined by
the component of tﬁe electric flux

density normal to the area in consideration.

This situation is illustrated in figure 4.
Figure 4 ' | The normal component,'bn, lies aiong
the dg, elementary area represented

vectorially. Since D 1s the flux density, flux per area, multiﬁlying_it
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with the area yields the flux. Then total flux, dy, crossing ds is given

by,

dy = DedS = D,edS = D Cosa dS - 2-6

Going back to Eq. (2-5), which simply gives the electric flux

density due to a charge, and combining it with (2-6) yields,-

dy = DedS = —2 95 49 2-7
4ﬂr2' ' '

Hence, integrating over the closed surface, S, the total flux turns out to be

¥ e sssE. ds 2-8a
or ‘ ’ .
Vo= —3 4 _£OS&_ 4g 2-8b
4o 5 r2 .

But on the other hand, the term inside the integral sign in the last
equation is the solid angle, dm, subtended by a coﬁé with a base area of
ds tilted.at an angle o The flux crossing the base is q/(éﬂ)vdw; The
total fiux'over the wholé surface is detgrmined by the integral of the
solid angle over thé whole surface. The solid-éngle iﬁtegral is simply
4t vspherical radiané. As é result, the totalvflux is given by [q/(évf]&w.

or simply q. Therefore, Eq. (2-8a) can be rewritten as :
q = $.D.dS 2-9

The mathemaﬁical relation just derived is known as Gauss'~Law which
shortly states that the electric flux passing any closed surface is

equal to the total charge enclosed.
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-The enclosed charge might be several point charges; in which case
q = yq,s Or surface chargé q = fspst; or free volume charge distribution

n _ - :
of finite size q = [ pydv. For the last case Gauss' Law can be written as

$D.dS = [ Pydv | 2-10

The electrostatic pottential differeﬁce, V, is defined as the work
required per unit charge to move it from one point to another in the o
presence of an electric field. The.pgténtial_differedce increases when
the work is done on the diéplaced chérge. Thesé definitions can be
summarized in a single statement. That is,

Vo -y/q= -/ —_-f—q:‘i—i-— - - E.aT 2-11

‘With the use of vector relations, the converse relation of the last equation

can be stated as
E=-WW » - 212
The divergence theorem can be stated in mathematical form as:

fdgv E.dv = 6,E.dS 2-13

Combination of Eq. (2-13) with Gauss' Law yields,

fdiv D.dv = q 2-14a
or _ : , A :
fdiv D.dv = P _dv , - 2-14b
voi V
" From the precéding relations, it is obvious that
VD =divD = P | ‘ 2-15

v
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where this last equation is known as one of the four Maxwell's relation.
One point is worth of noting in this arguement. It is the fact that D can
be replaced by E, if the permittivity of the medium is not a function of

the spacé in consideration. If the permittivity is not space dependent,

‘then Eq. (2415) can bé rewritten és, Y.E = DV/E.

On the other hand, assuming permittivity does not depend on the space,
combination of Eq; (2-12) and the Maxwell's relation leads us to a new

relation between the potential difference and the charge. This relation
V.Vv = V2v = —p/e ' _ 2-16

is the Poisson's equation.
For a region containing no net charge, Poisson's relation reduces

to Laplace's equation of
Vv = 0 . 2-17

where p,, is equal to zero justifying the'condition.
The electrostatic energy present in‘a system of point charges or -
surface charge density or distributed volume charge density is given by,3

W =—1-]=—f
2

E D.E dv = -l;-fsEzdv ’ 2-18
2
vol

Thi's relation makes clear that the energy density, év’ or energy per unit

volume associated with an electric field intensity is,

o W - 2 K
] év = d E = ._1.'._. D.E = EE 2"19
dv 2 2

It is Worth.of’noting that energy as well as the energy density deﬁendsl_

on the field.intensityiénd on the medium in which it exists.
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B. Dipoles

The dipoles,and the fields associated w1th them are quite important in
that they form the basis for the behavior of dielectric materials in electric
fields, as 1t was mentioned in the first chapter.

The electric moment of a point cnarge, q, with respect to a/fiXed noint
is definedkas d;, wheref; is the vector tepresentation of the distance
from the fixed point to the charge. Eventually for a system containing a

number of charges, the electric moment becomes,

m = Iqyry o 220

where T is the vector from the origin to the (i)th charge.

If the net charge of the system is equal to zero, then the electric

fmoment,'ﬁ,_turns out to be independent of the choice of the origin. No net

charge means there is equel number of positiveband negative charges
involved in the system.. Owing to this fact, the relation in (2-20) can
be_resolvedAinto two componenteteachbconcerning onevtyne of charges.
This can be done by introducing the concept of electric centers of

gravity of the positive and the negative charges, hence A

T qi;i.:ftlzqi = 149

positive . ) 2~21a
and
z qi;i = Tylqy = T4 . 2-21b
negative o

where the radius vectors from the origin to these centers of gravity
are denoted by rl and r2._ The total positive charge is denoted by q.

Therefore the electric moment of the system can be represented by,
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W=aq(F -T) — 2-22

The difference between the radius vectors is equal to the vectorial
distance between the electric centers of gravity of both types of charges.
Represéntipg'thié difference vector by d, extending from negativé to positive '

center, the resulting electric moment of the system can be given by,

m = qd 2-23
The last relation generaily repreéents the elgctric dipole moment of a system
with no het charge in the system. A simple case involved ip.electric moment
would be a system containingvonly.two'opposite—ﬁolérity point cﬁarges
seﬁéfated by a distance (d). Such é system is éalled an electric dipole,
where aceording tO»Ed. (2~23) its moment is equal to dg,- This case is
illustrated in figure 5. .

An iéeal dipole, which 1s used extensively for simplé derivation of
relaqionships for actual cases, is defined
as'thé'dist#nce'(d5~between two point
charges of opposite.polarity is replaced
by (d/n) and chargéA(q) by (gn) so that

the limit approached as the number (m)

tends to infinity represents the ideal

dipole.”

Figure 5 |  The potential difference due to a
dipole at a point, P, specified by the

quantities-; andie, can be derived by making use of the Eq. (2-1) and Ed. (2-11).
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In vacuum, therefore, the potential difference is,
V - ZVn = Vl + V2 :"’-—-——l—-—-( J—- - .j_. ) 2_24
n .

Aneo ry r,

. Fpr the case where r;>> d some approximations can be made.5 If such is

the case then, refering to figure 5,

ri =12 + G—Q—_)z -~ dr cosé _
) ’ o

2

dividing by r“ yields -

(L2 21+ (5)2 - L cosp
r 2r ¥

solving for r/r1 by binomial theorem gives

d -1/2 2 - '
—E— = {1+ (T)z'-— ——S— cosf '} /2. 1 -2 (47 4a cose')'i-,—?’—-(_.‘g. - 4 cosef

1 r 2 4r2 r . 8 Arz Tr

The terms smaller than (d/r)2 can be negledted so that'r/rl becomes approximately

equal to

2 2
r -~ Co- 6 -
S s d coss + dz‘ (.3cos 1
1 2r 4r S 2.

—)

Similarly the ratio r/r,y can be found. Hence

. 2 2 -
X ozg -9 osp —-QZ— € 3cos” 8 1’)

I 2r 4r -2
Substituting the ratios r/r; and r/r2 into Eq. (2-24), the potential

difference, then, is

V'_. q .‘dcose _ mCOSe 4_ m.ro 2—25

2 2 2
bre r bre, T bre r

This last expression reflects the fact that it takes no work to bring a charge
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in along the line perpendicular to the dipole axis, since 6 =90°.The potential
due to a dipole also.decreases more with increasing distance from the
dipole axis center than the potential due to one of the constitufy charges.
Usually in molecular étructures we assume ideal dipole case. For actual

Cases, non-ideal dipoles, deviation between ideal and non-ideal dipole is
estimated by'assuming ideal dipole case at'smalier disténces from the dipole.

‘ As an extreme case, a point, P, is'considered on the dipole axis at a
distance (d) from the positive charge. This case is illustrated in figure 5.

The potential at Pj, if contribution of each charge is taken seperately,is

4ﬂ€° d 24 4356 d

whereas the relation in Eq. (2-25) would give

qd = 0.44 a

4reg(3/24)2 4me, a4

V. o=
Py

At this small distance fhe error is about 12% when the formula for the

potential of an ideal dipole is used in the case of non-ideal diﬁole. For a
point Py on thé dipole axis at a distance (Zd) from the positive charge of

the dipole, the potential difference, each dharge beilng treated seperately, is

q 1 ‘
(_______ 1 ) = 0.167 q

V., =
P2 bre 2d 3d

breg

On the‘other hand approximation of Eq. (2-25) gives
v qd = 160 g

Py 7 4#50(5/2d)2 b a

Hence at this distance the inaccuracy is already reduced to about 4% .

The field intensitygcaﬁsed at a point by an ideal dipole moment can be
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calculated by several methods dépendihé on the choice of the coordinate system.
But in general it is easy to take ET;JVV'as the starting point.

The field iﬁtensity of a'dipole ag-a function of the electric moment and
" the distance can be determined through the use of Eq. (2-12) and Eq. (2-25).

Upon appropriate substitutions, the electric field intemsity turns out to be

4w80r3 - 4160_( m.zV r3 r3 Vm.r) 2-26

E

-
-

On the other hand due to the identityX V(A.r) A, v( mr) m ,aﬁd

T@/ed - 3/cH)Vr - 3?/r5 , Eq. (2-26) can be rewritten as :

E = ( 3‘“; r - 1 : | 2-27
r ' r 411’50

The electric field intensity thus resolvedvinto two components, one along
the radius vector and the other parallel to the dipole axis but in opposite

glirection of m.

Another approach would be to find the field intensity at a point by using'

gradient relationships in spherical coordinates, then.

T =y 1 v 1 3
E = ~Vv = + oY + . v
5r °F T Y] 8 Ty gine = 9% a¢)

Substitution of V =(m Cos 6)/(4Heor2) into the previous expression results in

— m — ___'
E = (2cosfa, + sineae)
bre,.T

It is interesting to'pote that the’electric field intensity decreases
now as the inverse cube of the distance from the dipole. Therefore it falls

faster than the corresponding field of a point charge.

r
C A

Refer toAppendix A for the proof of the identity.
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CHAPTER IIIL

MACROSCOPIC .THEORY OF DIELECTRICS

A. The Electric Polarization, P

It wag mentioned in’the,first chapter that dielectric materials
are considered to contain usually molecules that have permenant dipoles.
On the otﬁer hand, saﬁé dielectrics can pdsses non~polar molecules which
do not have dipolar arrangements until a field is applied; Whether
dielectric material is composed of polar or nén—polar molecqles,
permenant or induced dipoles may be described by their dibole_moments.

The dipole moment, in general, was>developed in the preceding chapter as:

E: qd ) . - . 3-1

It was aléo mentioned in the second chapter that the moment of a set of
charges with respect to an origin is
m = Zqi-;i' 4 - 3=2
i , .
Consequently, if there are (n) dipoles per unit volume ﬁn a dielectric
with absence of net charge, then the total dipole moment ip a volume

element (v) around a fixed point R can be given by,

;t': ZNiqiEiV = 'PV ‘ 3_-‘3
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where (Nji) 1is the average number of charges (@;) with displacements (dj)
ptesent in the volume element (v), and hence n = INj. ’The volume (v) is
taken to be increment#i but-large'enéﬁgh to contain a large number of
dipoles. Also displacément (d) is considered to be average in time to
avoid the inflpence of the fluctuations due to moleéular movements.

The vetor P introduced in relation (3-3) is generally.called the
electric polarization1 and it is the "density" of electric polarization - ;

since it represents the dipole moment per unit volume.

If all the dipoles were identical, then the dipole moment would

become
m= ZNidab = ndav ' 3-4
i . .
and
—P. = nq-c? 3-5

Polarization can also be explained by means of the charge transport
through a plane element during fhe built—ﬁp of the pblariiation. Ip the
dielectric material an incremental sprfacé can be assumed.' All the
charges with displacements (di) crossing.thié sméil piane were pfeseﬁt
in the volume element E&.Ag'before the>p61arizing field was applied.

AS is the vectorial representation of the plane elemeht. Consequently
the number of charges in this volume element.is N;Ei.AE.' Therefore,
the net total charge whiéh crosses the elemental surface in the direction

of the surface is

Aqy = iqiNi-cfi.AS = P.A : 3-8
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where the subscript (b) associated with the charge denotes a bound charge
but not a free charge. ‘

If AS is an element of a closed éﬁrface and directed outward, then
the net incrgase in the bound charge within the closed surface can be

found by integrating the total bound charge passing the surface element ,

over the ‘'whole surface, that is
qp = —ISF.dE ' 3-7 -
This charge can be considered to be distributed with a density of py or

Qb =fvol pb.dV - 3—8
Therefore

fyop Ppedv = = SPS . 3-9

vol

Applying the divergénce theorem; Eq.(2-13), to the right side of the

previous. relation, (3-9), it becomes -

f dV:—f

vol Py
and from. this it follows that
VP = = pb . 3-10

On the other hand by Gauss' Law it was found that V.D = P,+ This
shows that there must exist a close relation between the polafization
and the flux density D. This is indeed the case. |

At aLboundary surface of a dielectric and a conductor, the total

charge density is obtained by taking the algebraic sum of the true charge
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density arising from the conduction electrons of the conductor and the

bound charge density arising from the polarization of the dielectric

material. Therefore,

- +
Prorar = °TrUE * Prounp
(free)

3-11

If the permittivity of the dielectric material is not a function

of the space, direction-independent, then Gauss' Law may be stated in

terms of the electric field in free space as:

V.E = p/EO

3-12

The charge density P is the true cha:ge density merely repfesenting the

total charge. This means that one can consider all the charges to reside

in free space even with the material present. The use of g, in Eq.(3-12)

depends on this consideration. With the aid of Eq.”(3—11), relation

(3-12) can be rewritten as:

V.EOE = pf + pb

. and using Eq.(3-10), the last equation becomes

V.e E = Pg - V.P

Rearranging the terms in (3-14), it follows that

It ylelds from Eq. (2-15) that

pf_= vV.D

3-13

3-14

»3f15a

3-15b
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hence the relation between the polarization, field intensity and the

electri¢ flux density is given by .
D =,50§'+ P 3-16

This last equation shows that the'electricvpolarization, introduced
as the dipble momeﬁt per unit volume, turns out to be related in ‘a simple
way to the vectors D and E. It is worth of noting that the vector D
associated with the free space is a function of the total charge density,
including the bound charges as well the true chérges,Eq. (3-12). On the
other hand, if consideration is given for 5; associated with permittivity
other than that of ‘the free space, then it is only a functi;n pf tHe free
charges, éq.'(3—15b). |

It is clear from Eq. (3-16) that there must be a relation existing
between the electricvfielé intensity,-and the pglarization. This relation
;hould be'a function of the type of the dielectric_material. Usually,

_in actual crystalline dielectrics, the polarization vectér is a linear

function of the electric field strength,'fqr fields of practical value.

However, it is not necessary that this relation be a scalar one. A

constant tensor X termed the electric susceptibility of the dielectric

bmaterial, is used to define this relationship. It is the ratio of

boﬁnd charge density to the free charge density, or
P = £XeE 3-17

In isotropic or polycrystalline materials Xa is simply a scalar.

But in anistropic,direction-dependent, crystals this is not the case. .
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Another relation between vector P and E can be derived by the aid

of Eq. (3-16). If ¢E is substituted for D in that equation, then
EE:EOE+P
and remembgring(e = E.Eq the relation becomes

- 1)e,E | 3-18

F:(Er
hence it is clear that
X, =€,.~-1 ' 3-19

(
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-B. Complex Permittivity — Time Dependent Fields

-

The foregoing discussions of this,chaptef show that the electric.
field in a dielectric.materiai'can be easily described macroscopically
by two field quantities. They are the electric field intensity and thg
electric flux density. As for the pélarization, it can bé obtained by
making use of the Eq. (3-16). -The relafiohship exigting bét&eenvfhe
field intensity and the flux dénsity is D = €E. The permittivity € is

the constant of proportionality and.describes:the dielectric property of

the materials. At this point it should be emphasized that, € may not be

the same everywhere, and the prOpdrtionality betweenif.and-ﬁ'may not hold

at certain cases. For cases where E gets too 1arge,‘5 may not be

proportional to it. This deviation from the proportionality may be

experienced even at relatively small electric field intensities for

certain materials. The permittivity may also be related to the time

dependence of the field intensity.  Therefore, the concept D = €E, is

only an approximation for most real materials. On the other hand, it is
perfectly satisfactory for cases wheré consideration is taken inbvacuum.

The discussions carriéd so far on the ﬁacroscopic_theory of
dielectrics have dealt with the static fields. Next step will be then
to examine what happeﬁs when time dependent fields are associated with
the dielectric materials. |

Consider first that a dielectric slab is placed between two
parallel.conducting plates, as it was,mentioﬁed in the firsf chapter.
Such an'arrangément is usually called a condenser. If a non-time-

dependent electric field intensity is applied to this arrangement sudaenly,
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the dielectric requires some time to become totally polarized. The

reason for this behavior is due to the inertia shown by the displacement

of charges. Such a case 1s illustrated in figure 6. A similar case

must be experienced for the time dependent field intensities.

P

Figure 6

The potential difference for a parallel plate condenser in vacuum, -
is equal to VvV = (dq)/(eoA) for static fields; whére q is the charge:on
'.one plat;, (A) is the area of ome plate and (d) 1s the séperation_of the
plates. It is clear from the preceding‘expression that the voltage is
proportional to thé charge 1if €5 is_é congtant quantiﬁy. ‘€o 1s always
assumed to be constant. The constant of propbrtionality for thils case
is (d)/(goA). The inverse of this quantity is knownvas the capaciéance
(C) of the system. Capacitance is a dependent factor of the dimensions
of tﬁe condenser as well as the permittivity of the dielectric. Tﬁg
permittivity of fhe vacuum in the previous expression can_be replaced by
the permi;tivity>of the dielectric in consideration aé long as € does not

depend on the field strength or space so that it remains constant in a
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given condition. 1If the space between the plates is filled by a different
medium than the vacuum, the proportionality constant, then, would become
C = (eoeA)/(d). Neglecting the fringing effects at the sides, the ratio

of the capacitances of vacuum and the medium becomes

._g__. - Ep 3'__20
~o
where ,
€A il
Co - o Y
d

If Instead of statié,field, an alte:natiﬁg field, or voltage is
applied across the plates of the condenser, the system experienées an
alternating charge accumulation, hence current. The chargés on the
condenser plates vary with the voltage. For the case of vacuum,’constant

permittivity, the relationship between charge and voltage is

q = Cyv 3-21
It follows that

ag av or ' v 3-22

3t~ 0 ot | - 1= Co T

Since voltage is now considered to be a periodic quantity, the expression

for current becomes®
i=dic = JuCyv 3-23

This current is usually termed as the charging current. The preceding

expression shows that there is a 90°,phasersh1ft between the current

X 1o take partial derivative of time dependent periodic functions with
respect to time 1s equivalent to multiplying the corresponding phasor

by wji
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and the voltage. This is true only for the case of vacuum or for
perfect, ideal dielectric materials. However, this is Aot the‘case with
the actual'dielgctric materials. In éédition to the charging current,
there is an in—phase component of current which flows between the conducting
plates that‘makg up the condenser. This component of-current is termed -
as the loss current. This means that the total cﬁfrent fléwing between

the plates is - ' -
1= *ig = GVt JuCv =1t qat 3-24

This expression can have a meaning if the relative permittivity

has two components; a real part and an imaginary part, or €, = e; - je".

Making use of this expression, the current, in the condenser becomes:

e
[}

JuCv = juCoe,v = ijov(e; - je;)
iz w;'I{CO v + jw s]':Cov | | 3-25

which simply states that, the current hag a. real part which qorrespoﬁds
to a resistive current flow, and a 9Q° phase shift comﬁonent. The
magnitude of 8; is defined by the in-phase or "1oss"‘¢omponent. It is
also appearent thét the loss component of current.is a.property of the
medium. ‘As the dielectric material approaches to a perfect one,.iL must
vanish, henée e;, since dielectric bécomes consequently loss frge.

As a result of introducing loss component of current into the
picture, .the totai current flowing in the condenser shoﬁld incline b& a

power factor aﬁgle relative to the applied voltage. (Figure 7) In
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another words, the total current makes an angle § with the charging

current. Tangent of this latter angle § is called the loss tangent of

the dielectric. Im
A, T T T Tz i
4 |
LN
) -

I
9‘ >l :V Re. -

<,

Figure 7

Loss tangent § is the dissipiation factor, that is, it is the ratio
of loss current to the charging current, From Eq. (3-25), it folloﬁs

 that

tan § = —X -  3-26

On the other hand, since the field strength between the plates is

(v)/(d) the current demsity (J) becomes
s et ' - " R S ‘
i _werCOE d + jwsrCOE d = wargoAE | jw ersoA E
i - " : ' : ' -
J = = weoer E + jwsoer E ‘ 3-27
A
The dielectric conductivity, representing the sum of all mechanisms

involved in the material, is defined as the real part of the ratio of

current density to the electric field intemsity, or

0, = . = we"Eo # £(e'/eo) tand mho—-cm 3~28
4 E t 1.8 x 10%12 '

where 1/ (1.8 x 1012),13 derived from 2meg




THESIS

ROBERT COLLEGE GRADUATE SCHOOL

BEBEK, 1STANBUL PAGE 31

-

Besides, if it is assumed that there is no dielectric loss when static
fields are associated, then the complex permittivity in the time~dependent
fields should be identical wifh that of the static permiﬁtivity, as ffeduency
approaches to zero. Permittivities having different values in static and

time-dependent electric field intensities mean that €" and €' are freauency
r r

dependent quantities. And it also means that e¥ should approach to_zéro

with decreasing frequency as well as sé to e_. Therefore,
o T JEN I } - ‘
€, (m)v—-sr (w) Jer(w) 3-29 R

On the other hand, the variations of the.permittivities e' and eg with
. r. .

frequency can be such that the relation between the flux density and the
field intensity be a linear one, 5'; ¢E. This means that the éompbnents

of permittivities are not entirely independent: To explain this relation of
dependency one can use the concept of linearity between the two field
quantities, E and'B; and the principle of superposition.

First let us assume that an electric field iniensity E(u) -is applied
to a dielecﬁric at time (u), and it does not exist after the time (u t+ 3u).
The flux density arising from the applicatibn of the electric field intensity,
should exisﬁ inside the small time interval Ju. Besideé, due to the inertia
of the displacement of charges, the electric flux density persists at times
t > u + 3u. Sinée the field intensity is cut off outside thg time interval,
.1t follaws that D must vaniéh after a period of time. Therefore it should

be a decaying function of (t - u). Considering the region where t > u + 3u,

this time function of flux density can be expressed as

V D(t = u) = E(u) o (£ = u)au | 3-30
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where o (t = u) is the decay function which represents the vanishing of D.
Inside the time interval, that is u <t < u + 3u, howevef, one can imagine
that the flux density is divided -into two components, one' of which immediately

follows the applied electric field intensity. Hence, in this interval, the

time function of the flux density can be written as
D(t - u) = e, E(W) + EQu) ajdu  3-31

where the decaying function is considered to have a constant value, o, in
du. g, can be defined as the value corresponding to e'(w), at highest
frequencies, that is when (w) approaches ﬁo infinity. Actually in practice
these frequencies fall into the infra;red region. E(uwe, -is the térm
which corresponds to the immediate following of the applied fiéla;

Second, let us assume that after a perioa of time,.at time u', another
field, E(u'), is applied onto the dielectric. This.fiéld persists between
tﬁe time intervalb(u') and (u' + du'). Similarly the flux density is a
function of (t = u'") and decays at t.> u' +v3u'. |

Now we can assume that the flux density as a function of (t — u') is
superposed linearly to the pfevibus D, whiéh wés é funcfion of (t - u).
This, in gact, is the principle of-supefposition. It follows from this fact
that, the prinéiple of superpositioﬁ can be used for a continuous. time
dependent electfic field intensities. 1If this>is done, the flux density

at any time, t, can be expressed as
D(t) = g, E(t) +/ E(woa(t = u)du 3-32

Since it is clear that D vanishes at d certain time, tg, after the cut off of

‘
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the field intensity, the value of the integral does not change if it is

integrated from zero to infinity. If a substitution x = t - u is made into

the equation (3~32), this equation becomes

D(t) = e, E(t) + ém E(t - x)a(x)ax 3-33

. . . . . . . jut
Now if we consider a periodic field intensity of the form E = Eoejw is

applied) Eq. (3-33) cdnsequently becomes, o

jwt . fos
D(t) - Ege’ e, = E, fe’

(wt.f x) a(x)9x

and
owt . o _4 L
J anjwt e Jjwx

D(t) - e _Eye a(x)dx . 3-34

(o]

Remembering D = €E and €= e'(w) — je"(w), the last expression takes the

form of

eV (w) - Je"(w) - e = /e IF a(x)ox 3-35
[¢]
and

o« o0

e'(w) - € - je"(w) = J coswx a(x)dx - j S sinwx a(x)ax
® 0 . . o]

It follows from this last relation that

[2e]

e'(w) - e, = J coswx a(x)3dx - 3-36
_ )
and

e"(w) =/ sinwx o(x)ox 3-37
° :

Since both e€'(w) and €"(w) can be derived from the same function a(x),

they cannot be independent.
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One can make use of the Fourier Transformations Theorem to simplify

the preceding relations. From equation (3-36)

a(x) :;—Z— S oe'(R) - €, cosix 3% 3-38
T o

and from equation (3-37)

o

2
i

a(x) = IZe"(2) sinfx 3L 3-39
o

Introducing Eq. (3-39) into Eq. (3-36) yields,

[--]

9x coswx [ €"(2) sinfx 3%

e'(w) -~ ¢ = —
o T (o] -

é'(w)

o R .
- g, = —— lim f 32 €"(&) J coswx sinfx 3x
T pow 0 , LA v
. - . . _ L
e'(w) - e = 2 lim S €"(R) 11 7 ios(ﬂ w) R + 1 - cos( # w>R 3L
o “w .
T R O , 2 L - w
e'(w) ~ e, =——/ e (h) 5 h 5 5h
, mo he - w

where £ is a variable of integration. By a similar method, using Eq. (3-37)

and (3-39),

e (w) :,_Z_ I oe'(Q) - e, — 5
T © wz._ 22

Returning back to Eq. (3-33), if we assume that the attainment of equilibrium

" is exponential, thén the decay function can be represented by;'

-t/ E 340

: AOL(t) = Otoe

where T is called the relaxation time. It is infact independent of time.

' . X 3
This_kind of solution was first proposed by Debye.
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If Eq. (3-40) is introduced into the Eq. (3-32) then it follows that

t/T

D(t) = e, E(t) + J E(uoge =" du 3-41
. 0 o

and differentiating Eq. (3-41) with respect to time yields

3D, . PE(M) 4+ 2 M pyae YT an . 3-42
ot . - ot ot O °
Now by using Leibnitz's'formula4 , -
d e e _ w(t)
— J (t)E(u)aoe (t g)/T du = adE(t) -1 I E(u)a(t - u)du
at © T ©
Therefore Eq. (3-42) becomes
BD(t) : 2 o0 . :
AR Ew._ELEl +a E(t) = ==/ E(walt = wbu 3-43
ot at , 1t ©

Multiplying Eq. (3-43) by (t) and then addition with Eq.. (3-32) yields

a . ) . . .
T — (D - emE(t)) + (D - ¢ E(t)) = TuOE(t) , 3-44

9t

when the electric field intensity is time indevendent

2 (D - emE) = 0 and D = ESE' . o  ' 3f45

ot
Therefore for constant field intensities, substituting Eq. (3-45) into

Eq. (3-43) results in ° v ' ( , .

where e_ represents the static permittivity. As a result, Ea. (3-44) - turns
s . < ,

out to be -

TP (D - e E(E)) + (D - e, E(D) = (e, = e E(t)  3-46

ot



THESIS

ROBERT COLLEGE GRADUATE SCHOOL . - 36
BEBEK, ISTANBUL - PAGE

-
-

If a sinosoidal voltage is considered, remembering T

= TjwéE(t) and

3(§£t)) = wa(t), Eq. (3-46) becomes o
Tjwe -~ e _tjw t € - g = Es._ o
and hence
€(w) - Eoo + €S = En . o 3"‘47
B T e B

But since e(w) = e'(w) ~ je'"(w), upon appropriate separation of real and

imaginery parts, e'(w) turns out to be

E'I(w) = g4 + L ' ‘ .. 73=48
1+ w2T2 . .
and €' (w) becomes
e () = L& = €o) wT T 3-49 - |
1 + w212 ’
and _
tan § = e"(w) ’= (Es - €o) T : 3_50
e' (w) es+ £owlT2

It is clear from the last equations that as frequency, w , approaches

to infinity,e' approaches to € , and e" approaches to the static case, |

that is to zero, €' épproaches to €, and e" becomes zero, for w* 0. Therefore for

. ) " . . .
€', there must be a value of frequency for which e” is maximum. This value,

- equating the time derivative of g" to zero, is

T

For this value of Wy

€ e e and g’ =
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The alternating field volume conductivity was given by

. ' . ’
e" =0 = g f(e'/eo)tan 9 mho-cm

r P 1.8 x 1012

If the values of_g' and tan§ are substituted into the last relation it

-~

follows that

o = =
e eo(l + w2t2)

1 f(€g = Em)ur S 3-52

A diagram showing conductivity-resistivity asla function of ¢'/e' and f is
given in the appendix. Aléonsome examples are given in the appendix, showing
the variations of e' and ¢" with frequency.

On the other hand the relaxation tiﬁe can be experimentally observable

quantity for a macroscopic process. Dividing Eq. (3-49) by Eq. (3-48)

yields

RN - - 3-53

" : . .
When £ is plotted against the frequency, the graph is a line passing
] : . )
e' - €,

through the origin with T being the slope. Hence T can be obtained from

such an graph.
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C. Anistropy and Nonlinearity

So far we haye discussed the isotropic dielectric materials.In such
systems it was asspmed that spaée depehdence was nét existing for the field
relations. In ggneral,~any dielectric crystal of non-cubic structure
exhibits anistropic, space—depéndence; pfoperties.-In anistropié materials
the space‘dependence of fields plays an_important role for the behavior of
dielectric materials in electric fields. This importénce is experienced |

‘mostly at optical frequencies.

Generally in a dielectric material, . assuming linear relationships, the
expression between the dipole moment density,P, and the electric field

intensity is given by:

P=eoXeE - . 3-54

For isotropic ma;erials, the Xe tenéor‘is simply élécalar. This implies that
polarization points parallel to the electric field-intgﬁsity vector. However
for anistropic dielectrics, this is not completely parallel to the electric
field intensity. Therefore the previous relatidn,can Be rewritten in a
generalized form in its Carﬁesian comﬁongnts as:
v3 | |

P; = €0 Exik E , 3-55

wﬁere i=zx,y, z, and k =.1 stands for the (x) component, k = 2 for the

(y) component and 'k = 3 for the (z) component, or in expended form
Py =g, ( Xli Ey + Xx12 Ey * X153 Ez )

Py =€o (X21 Ex + 'X22 Ey + X23 EZ )
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.- +
P,z % ( X3q Ex X32 Ey * X33 E, )
The coefficients X;i are the linear susceptibilities. These equations are
involved with six different susceptibilities since Xik = Xki -
The relation betwéen the susceptibility and the relative permittivity

was defined previously as:

E:l+)(

r

which means that the value of the relative permittivity depends on the

choice of the direction for anistropic materials. 1In cubic dielectrics
» = = = 0.
X12 = X33 = X3

One important aspect associated with these susceptibilities is their
"dependence on the frequency variations. This phenomenon can be obtained when
equations of motion are cbnéidered. The differential equations of motion

of a harmonic oscillator svstem of particles due to a wave propagating in

one direction is ‘given by,

3%x + BIx 4 wozx __e Ex(t)' 3-56
3t2 ot S :

This equation of motion has the solution of

x(t) = - e Ex
m (wg -wZ - jBw/m)

and hence the dipole moment of the particle is

2 J—
- . e EX
Px =

m¢( wgv— wz’— jwB/m)
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Therefore from Eq.(3-55) the susceptibility %11 is in the form of,

2
0]
Xl‘l - 5 \\X]_%( ) Wq
Tyt W = jwB/m -

which proves the frequency dependence of the susceptibilities. Similarly
the other coefficients can be calculated in terms of frequency. According to

this result the permittivities along the directions can be written as:

ersgw) = 1+ X4y (w)

On the other hand at higher optical frequencies the components of
relative permittivity along the various directions, of the dielectric slightly

depend on E. This means that € is a weakly function of the electric

Tik

field intensity at these frequencies.

Even at microwave frequencies this non-linearity effect can be
observedi. But this cqndition is experienced at high field intensities.
Dielectric'anistropy and nonélinearity are dependent on the structure of the .
material. TFurther = consideration on thié shbject can be obtained from the

books edited by Beam, and Van zie1®47.

Most of the dielectric materials are not anistropic and

non-linear. When an electric field is applied upon a dielectric material, the

displacement of charges from their equilibrium positions results in

change of material's physical dimensions. This case is often experienced

for atomic and electronic polérizabilities which will be discussed in the

_ This change of dimensions is refered as electrostriction.

next Chapter.
On the other hand if a dielectric material is mechanically strained electric

3
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charges are induced on the surface of the dielectric giving rise to a

‘voltage. Such dielectric materials are termed as piezoelectric dielectrics.

One impértant aspect associéted,with ﬁiezoelectrics is that this phenomenon
can not occur in materials having a center of symmetry, such as Zn(Br03)2.6H,0
or CH4 . Inbother words this effect is available only for anistropic
dieléctric ﬁate;iéls.

The most important dielectric materials that exhibit piezoelectricitv .
are Quartz,'Tourmoline, Rochelle Salt (NaKCy - 4H,0) , Potassium Dihydrogen
Phosphate (KH2P04), or Ammonium‘DihyArogen’Phosphate (NH3H2PO4).

Besides piezoelectricity, some of the dielectric materials have

-relative permittivities which depend on the field.strengthﬁ -These'materials

are ferroelectric materials. - The Ceramics and Barium~-Strontium Titanate

are such materials.‘ The spbnteneous polariéaﬁion, or sponteneous alignment
of electric dipoles define the ferroelectric materials. The sponteneous

polarizépion is defined by>Curie temperatdre which will be mentioned in the
next chapter. Ferroelectric materials also posses.fefroelectric hysterises

loop upon appropriate heat treatment.
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CONCLUSIONS:

1. The relation between polarization, field intensity and the electric flux
density is given simply by:
T
D = ejE P
This relationship is a function of the type of the material.

2. TFor isotropic dielectric materials E and P are linearly related through
P = XeEOE = (Er - 1)€oE

In ferroelectric materials this relationship is not linear and they

show hysteresis effects.

W
ol

is connected with the free charge only.

|

is connected with the bound éharge only.

]

is connected with all charges that are actually présent.
4. TFor time dependent fields, relative permittivity contains two components

each being a function of the frequency of the field, or,
e () = €' fw) - je"(w
T r T

This shows that €r is a function of frequency.

5. At time-dependent fields actually dielectric materials have loss components
represented by
ey (w)

e!(w)
T

“tand =

6. Dielectric conductivity is defined as

. ' J e = £(e'/eg) tans.
E 1.8 x 10712

mho-cm.
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7. The dielectric materials require sometime to be elapsed before becoming
totally polarized upon application of a time-dependent electric field.
This delay can be represented by a decaying function of the form

A

a(t) = a,e where T is called the relaxation time. In terms of the

relaxation time the frequency dependent components can be written as

. €., = Ex)WT . €c - Eo
e"(w) = (€g ) and e'(w) z e+ S
1+ w2t 1+ w?t?
It follows from above relations that
Ec — € . » €a = €
tans = ( s °°)(1)T, and 6 = 1 - f( s uo)w‘l'
eg t emwzrz P eo(l + w212 )

where e static permittivity and €_ is the permittivity at infinite
s e .

frequency.
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CHAPTER TIW

MICROSCOPIC PROPERTIES OF DIELECTRICS

A. Internal Fields

The surface density of the bound charges as represented by

B B 41 S
P = (Er—l) €g E :

provides a means to enter into the microscopic world from the macroscopic
scale. When a polarisable body is subjected to an uniform electric field,
polarisation,»?, appears in response to the macroscopic field. The dipole
moment per unit volume may be thought as resulting from the additive action

of (n) elementary dipoles per unit volume each ‘having an avarage moment Eav'

Therefore the total polarization becomes . ( _ -
Po-on gy, 42

which is iﬁ agreement with the previously defined polarization. In the last
expression ;év is used for ;ﬁe dipole'ﬁoment of an atomic or especially
molecular dipole instead of';‘which represents dipole moment in generai.
in addition to this fact, ;;v is generally related to a'local field strength

E existing inside the dielectric through the relation

uav = oK . 4-3

where (@) is termed as the polarizability of the body which measures the
fléxibility'of the particle or in other words the avarage dipole moment per

unit Field strength.This o is not the same as the decay function mentioned in
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the previous chapter although the symbols ére similar.

The combination of Eq. (4-1), Eq. (4-2), and Eq. (4-3) leads us to a

new interpration of the polarization, thus
(ey = Deg EzoanE' A

linking the macrosc1pally measured polarlzatlon to three molecular parameters;
the number of particles per unit volume, n ;_thelr total polarlzablllty, [
and the internal electric field, E', acting locally. Since o is defined iﬁ’
terms of dipole moment per field strength, its magnitude will clearly be a
measure of the extent to which electric dipolos are formed from the atoms
or molecules.

Electric dipoles may arise through a variéty.of mechaniSms,.aoy or all
of which can‘contribute to the valoe of polarizability. There are basically
three different mechanisms of polarization. They arelzi

1) Orientation (rotation) of molecules. The field tends to direct

permenant dipoles to align in the field direction.

2) The displacement of charged atoms or groups of atoms with respect

to each other; atomic polarization.
3) Slight shift of the electrons withbrespect to the positive charges;

electronic polarization.

These three mechanisms of polarization are due to charges that are

‘locally bound in atoms, molecules or in the structure of solids and liquids.

However, in addition, some charges or charge carriers exist in actual
dielectrics, either because they become trapped in the material or on

interfaoes, or because they can not be freely discharged or replaced at the
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electrodes.? These contribute a fourtﬁ method of polarization. This fourth

mechanism is termed as the interfacial polarizationm. -

The total polarizability can be expressed as the sum of the individual
polarizabilities, each acting independently and arising from one particular
mechanism. Hence total polarizability of a dielectric material can be

written as:

= + + + - '
a = a, oy o, g 4-5 .

where oy, az, 04, and ag represent electronic, atomic, orientational, and
interfacial polarizabilities respectively..
It was mentioned in the previous chapters that the electric field

intensity at a point due to the surrounding dipole moments of particles is :

T ) Ti-flm
I -3 3 ( mi ry ) ri - rj mi
5

i

4-6

hreor

Since the sumﬁatioﬁ in the last equation is téibe considered over the
whole‘dieiectfic material, it will be somewhat very diﬁfiéult to evaluate
the field intensity. One way to solve this difficulty is to find such'stepé
that will help to thé evaluation of the summatioﬁ.,

For such a solution a aielectric material is considered to be placed
in electric field intensity apﬁlied externally (Eo). A‘dieiectric’specimen
subjected to an external field is illustrated in figure 9.

A microscopic spherical body with a radius (a) is taken out of this
specimen. It is important that the radiué of this sphe;ical body must‘be

- very small when compared with the physical dimensions of the‘specimen, but

must be very large when compared with the atomic dimensions.
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Figure 9

Now, the dipole electric field intensity at the point where an atom is
located can be seperated into three cdmponents :

1) El’ which is due to the polarization charges'on the outer surface,
qfvthe specimen, induced by the application of the external field E5 .'

2)'52 , which is due to the charges on thevsufface of thersphefical
cavity. |

3).§3 , which is due. to the conﬁributions qf ﬁhe diéoles existing
inside the spherical body. ' .

The ;uperposition of these fields must result in the éctual dipole

field acting on the (a)th atom, or

3 (mi + 1{) 15 - rlmi 4=7
Ansors
i

Ey + By + B3 = By = 1

If the external field f% is taken into consideratibn,'the total field

acting on this atom can be given by
Ejoc =

whereiiloc' is known as the local electric field intensity (f').
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At this point it should be emphasized that E‘ (Eloc) is not the same
with the gctual macroscopic field, E :'Eo-k.fl , for latter was defined
aé the space-avarage electric field intensity over the whole dielectric slab.
- The field'El, which is due to the polariéation chérges, is usually
termed as thé depolarization field because it tends to depolarize the charges
since it.ié in the opposite direction of the polafization Fv. For a
homogeneous ellipsoidal specimen with an uniform polarization, it can be

rélated to the polafization through relation
Ep=-NP | : 49

And if polarization is seperated into components along the 'cartesian axes,

then the representation in Eq.(4-9) can be rewritten as :
-~ NP, - N,P, ' 4-10

where Ny, Ny, Nz,or N is called the depolarization factor. It is found that

y?
as.long as the shape of the specimen is ellipsoid:or éome limiting case of
ellipsoid; the polarization is uniform when placed in»eiéctric fields.
Furthermore the values of (N) depénd on the diméﬁsions'of the specimen which
means that‘ii depends on the dimensions.® ‘The value of the depolarization

factor for a sphere can be calculated by,takingAa circular ring on the

sphere which is illustrated in figure 9. The‘charge on the ring is : -

3q = P Cos® (2rr SinB ) r 36 4-11

where P CasB is the surface charge density on the surface of the spherical

slab.

X Values of (N) for several shapes are given in appendix .
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The component of the electric field intensity along the z-axis at the

center of the sphere can be given by

3q , 7 P Cos® ( 2m.r Sin® ) r 36 Cos8
or Ez = s 4-12
(o}

4rgors

3By =

Aweorz

Therefore Ey, = ( P )/( 3e,) by evaluation of the integral. On the other hand

‘due to the symmetry E, = fg = E& =(P)/(3e,), hence N, = Ny =N, = 1/(3eq)

It is interesting to note that the sum of the values (N) along the three ;

principle axes should sum up to a constant value, that is :

Ny = Ny = N = L i 4-13 |
360 ’

pne to this fact wé can calculate the values of NX, Ny, énd N, aé long s %
x, y, z are the principle axes of the specimen.

The field Eé, which is due to the bound charges on the walls of the
cavity can be calculated by a similar method uéed'for the calculation of'fz
in thebp}evious example for spherical slab. This field intensity, usually
refered as the Lorenfz field, has the value

P : _ T 4-14

E, =
2 3 g4

The third field.EB in duestion is aue to the dipolés existing inside
the cavity.‘E3 should then depend on the structure of the material, since
it results from the individual action of the particles in the dielectric.

The simplest structure is onerwifh a cubic arfangement. In this
kind of.sfructuré all afoms are considered to be replaced by poigt dipoles

parallel to each other. Considering the axis of the dipoles are taken in
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the direction of z-axis, then

22 - mir2 _
3mjz{ - myry where mypry = myzy 4-15

E3Z:Z
i

éneori
On the other hand by the virtue of symmetry of the lattice and the cavity:

and I z? + y? + %2 = 3% 22 = % r2 4-16
3 1 1 h i . 1

1 i i 1

' 2 2
I z2 = . - .
Peg=gxciy;

Substitution of this result into Eq.(4-15) will result in'E3% to become

identically equal to zero, and hence'E3‘: 0 .l-This last result is applicable

for_caées of cubic symmetry,and parallelvdipoie arrangeménts. Actually

this result is a highly idealized one but it-is a reasonable approximation

to the othef cases where thé particles are arfanged in cémplete,disprder or

the dielectric materials having Similar cubic structures poésesing highly

symmetrical arrays. It is also applicabie for cases when the particles

do not posses permenant dipole moménts and the§ afé'isotropically distributed.
I& was stated previously that the field exisiting inside the dielectric

slab is the vectorial sum of the externally applied field and‘the

depolarization field, so that

T-F + 8 41
o 1 ,

This E field is the same one that was used in Eq.(3-16). In terms of E,
the field strength acting locally upon a single atom (dipole) inside the

dielectric slab having cubic structure can be expressed by

|
!
=l

3, 4~18
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L.

The relation between the polarization and the local field E' was

given by Eq.(4-4). Substituting this relation into Eq.(4-18) will result in

P -_Seonao E 4-19
- 360- no

On the other hand substitution of the expression P = (er - I)EAE' into this

last relatlon in Eq. (4—19) and rearranging the terms yields

e o 4=20
350 €. + 2

r
It should be noticed that Eq.(4—20)‘app1ies only to materials in which

particles are spatiallj well organized, or in'complegé disorder. This means

that the eduation can be applied to the gases very‘easily.A The vgiue of e,

‘has a value approximately i in gases at low Fgmperature and pressures.

The term 's; + 2 then is approximately equal to 3. Since this isithe case

Eq.(4-20) simplifies to

4-21

r = Xgas

On the other hand since (n) is the number of molecules or particles present
per unit volume, it can be replaced by a quantity (Nép)/M ,where Ny is
the Avagadro's number, p is the density of the material. and M is the molecular

weight of the substance. From this substitution it follows that

Nooa e -1 M

3 ep e, t2 o

422

. N o1 .
where this last expression is known as the " Clasissus-Mosotti" relation.
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B. Electronic Polarization

The mechanism that’provides the\strength of the induced moment u,
for an atom to be propertional.to thellocal field/acting on the atom is
known asvthe-eiectronic polarization. Electronic polarizatien is most
pronounced, undisturbed by other effects, in monatomic gases. In monafomic
gases fhe particles are free to travel or to orient. Therefore the simplest
model.on which the calculations must be based is the one that can be easiiy i
applied to monatomic gases. In monatomic gases the electron clouds have
spherical symmetry if the atoms ere free of iﬁteracting with each other.
These electron elouds’can be'imagined to bé eonfined uniformly to spheres
that have radii (ry) for a giQen material, gas. When an>atom ofleueh a gas

ie placed in an electric field, the electrons as well as the nucleus
experience a force that;is preportional to the appliedAfield, or in otherewdrde
; ) ) ,
‘ F = = ZeE 1 o 4-23
where (Z) is the number of negatively charged particies in the atom. Due
to this force there is a slight net shikt_of the.centére of charge gravities.
By a distance (d) from the'original'quilibrium point. This producesban
ieduced dipole moment. For emell electfic field inteqsities, the amount of
displacement and hence the dipole moment is proportional to the applied fieid.
After the displecement occurs, a small portioh of the negative charge
distributioﬁ within a sphere of radlus (d) can be thought as concentrated
around the new center of gravity of the negatively charged electronS. The

part of the electron cloud concentrated in the sphere with radius (d) can be
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expressed as !
4md3 -
q= = Ze 3 = - Ze 43
47:;%'2: 3 b-24
o]

The Coulombic force between the nucleus and the electron cloud should be
equal in maghitude to the force due to the applied force, or

Fe + Fe =0 and (Ze)2 a3 4= ZeE .

eohvrgd3 4-25

But on the other hand for Z = 1 the field has irduced a dipole moment in

the atom which can be represented by,

Mg = 0y E © o 4-26
Therefore,

o ' Qo = €O 4wrg | 4-27

where (s) denotes the static field condition.

So far we have assumed uniformly,d{stfibuted concentration for the
spherical charge cloud. This assumption is somewhat an approximation f_orw
actﬁél‘cases, for quantum picture of atom leads to a more extended electron
cloud concentration. According to this Qiew the electrgn distribution
décreases exponentially as the radius increases. Due to tﬁis fact the
electrons that are far away from the nucleus are weakly attracéed, hence
contributing more’ to the'polarization. For .this reason there are some

deviations in the values of the electronic polarizabilities that are obtained

by calculétions and by experiments.
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The force equation under static field condition can be modified for
phe case of sinusoidally varying electric fields. 1If the electrons are
considered to be quasi—elastically bound to eduilibrium positions and react
like linear harmonic oscillators, then the mathematics associated with
such a system‘can be used to analyze the situation. The equation of motion
in the prqsehce bf time~dependent electric field can bevwrit;en,in one

dimension,as

2 —
m Gl +8 %y YXx = eE 4-28

ot2 ot

It is worth of noting that the loss mechanism, B %%— » is usually

insignificant for the conditions where the gas or the liquid state is involved.

However it is an important factor for the solids. Neglecting this term, which

is just an idealization of the condition, the solution of the last equation

must satisfy the behavior of the electronic polarizability under

time-dependent electric fields.

In general the system_shows some response to thevfield. The system
has a natural frequency (wo),>which is eduai to'/j?Z;-'tﬁhereyy isvthe.
force constant and (m) is the mass of the electron.

The Coulombic force which is‘responéible for the restoring force in
Eq. (4-28) is

e2d _ v d o o 4=29

: 3
Aneoro

The natural frequency is therefore,
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’ v /.2
By = Ve = : 4-30
Y m Viwe rim
0 ¢ ,
It is interesting to note that
‘ 2
w2 = & 4-31
o, m ’
g

where ae  is the value for static electronic polarizability (Ea.4-27).

The steady state solution of Eq. 4-28 for a time dependent field
. . ) t C
of the form E; . = Eoejw turns out to be
efnE | : 4-32

w% - w? + jwt/m

%
f

so that the dipole moment has the value

x 4-33°

Y o= aéf - ex
Therefore,
2
g, = - e4/m or a, =al - jall  4=34
t mg - w?2 + jwB/m t ; '

where a! = ez(w% - w?) and o' = e?uB/m* .

e = e = - -

(wi -~ w22 + (w8 /m)? - (@2 - w2)2 + (wg/m) 2
: . L al .
1f the static case, w = 0, is considered then aé = ez and a; = 0
mw
o

which are in accordance with the Eq. (4-27).

So far the discussion dealt with one dipole. If there are (n) number

of dipoles per unit volume, one can expect the solution will be somewhat

“gimilar but not the same that of the single dipole system. The. Ea. (4—28)

can be rewritten for the polarization, P, if “av = ex SQ that P = nex.

- E + -E——, the new differential equation

3e

By making use of the relation E'
4 )

of motiomn is
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0P 4 g3 42 . _De )P:.ESE_E 435
3t? s ' 3mto m

Therefore the effect of the polarization of the other atoms is to lower -

the natural frequency squared of the individual oscillator by an amount

5 ,
ne . . . .
_Ne”  cConsidering this, the steadv state solution of Eq. 4-35 turms out
3me,,
to be
) o .
— nel/m —
P = — / —— E 4-36
mi - R jui/m -
P
where
w2 =t EED
°p © 3me
(8]

The current density associated with this kind of system.can be represented

J = - Je I . En(wa" *+ jua®) 4-37
ot ¢ - ‘

. which is very similar in form to the current density mentioned in Chapter I1I.
The relative permittivity -given by the Eq. (4-4) can be restated as,
S © 4-38
£ E ‘ :
o
which becomes a complex guantity when de is substituted into this relation.

t,

Therefore, the complex permittivity in molecular terms is,-

2
e =1+ ne/mto » 4-39
_mg - w? + jwB/m

So far the assumptions were based on one type of oscillator. 1In

_ ge;eral for a case of (k) oscillators, the last equation can be given by,

2

npe</c Mk

e =141 ke’ /coTk - 4-40
k wgk - it ij»k/mk
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C. TIonic Polarization

In the preceding paragraphs the structure of the electronic cloud

was the main concern. But additional difficulties arise when the discussion

is extended to molecules.. When the molecules are considered, the symmetry

experienced in monatomic gases or other monatomic cases does not hold. The

distance between nuclei and their mutual orientations become important.
Tonic displacements are characterized by the movements of the heavy

ions. In this mechanism the svstem can be again considered to execute

harmonic oscillations with spring like restoring forces between neighbouring

jons. It is important that the frequency response of this system is
somewhat altéred by these spring constants. When a system with a linear-

chain model of two types of ion having different masses, and opposite but

equal charges 1is considered, the applied field causes a -displacement of each

ion by a distance x. These displacements produce forces that are proportional .

to each spring's constant. Since each spring is deformed a distance 2%,

the force on the ion should be equal to 4xy. But this force on the ion is

compensated by the force due to the applied field, hence

qE = 4yx

The polarization produced by each ion is (qx), therefore,

polarizability at static field cases, 1is

2 2
ai =——g“—“: d
S by w? M
04
: m
where w., = —31-, and M 1m2

1551

4-41

the ionic

b=42
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The response of this system to time dependent fields can be obtained
through the force equation, similar in form to Eq. (4-28). The solution
of such an equation gives 4

a’/M

- + w8 /M
gy T W +  jwB/M

443

which verifies Eq. (4-42) for static field cases, w = O;
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D. Orientational Polarization

It was mentioned previously that molecules possesing permenant dipole
moments tend themselves to align with tﬁe applied field. Thermal agitafion,
however, tends to maintain a random distribution. 1In gases and liquids
- polar molecules are somewﬁat free to rotate in the applied field direction.
In the absence of an-electric field, individual.dipoles are oriented‘in
random directiqns, so that net moment per unit volume is zero.. The applicafion
of electric field tends to orient the.individualydipoles to produce net |
moment per unit volume. Although the polarization is not complete, there
appears some amount of polarization.

An elementary dipole with dipolg moment Wy is consideréd to be placed
in an electric field of intensity E. The potential energy of ghe,aipole

would be

E cosb . L-44

T3
!

_"’)id

where © is the angle between the axis of the polar molecule (dipole) and the

field 's direction. If there are (n) npmbér of molecules distributed with

their axes within a solid angle 32, then according to Boltzmann distribution

n = A(Exp e )aQ | . 4=45
where (A) is a proportionality constant and depends on the total number of

" molecules in consideration. Since 30 = 27 sin656 then,

1E . .
HdECOS9 v pr sing3e 446

n = A(Exp
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The integration of the last equation results in the total number of polar

molecules. But the total dipole moments in the direction-of the field is:

" ugEcos®

; ] .
2r [ A(Exp Jucos® sin6d6- 447
0 kT

The average moment per dipole in the direction of the field is, therefore,

’ Ecosf_
_ A2nS (Exp Egiﬁr——QuCOSe sinB3o
av ~ ' : : 448

A2nS (Exp __“Eligse) sin6de

. UgE
Setting X & — and £ = cosb
kT

I : ‘ ‘
Mav_ . 1 Exp(XE)E3E . _ 4-49

.l

Hd {'ﬁxp(xa)aa

Evaluation of this last equation yields

H . :
av _ Exp(X) * Exp(=X) . _1 _ _
My Exp(X) - Exp(-X) X -COtb X X 4-50
HgE | N : Fa_ - oo
where X = is known as the Langevin function, hence o - L(X).

* kT - v : _ d .

In weak fields where

kT
which yields
3
CothX-= L+ XX ... ..
X 3 45
; u4E
so that L(X) - X - d Therefore
T 3 3kT
uav — udE . ) 4_51
“u,  3kT
M

- where u4 is the dipole moment of the polar molecule.

<<1, L(X) can be expended into Taylor series
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The orientational polarizabilitytis given, therefore by,

2
u .
do - d . 4—52
s )
3kT

The total polarizability, including the contributions of electronic and

ionic polarizabilities, may be written as

1

+oa, + »
e L 3kT

4-53

So far it was assumed that the molecules are free to rotate which
is true for the case of gases. For the case of gases, by making use of

Eq. (4—18) and Eq. (4-4), we get

P - nok , 4=54
1 -la : - ,
366
W2 4 _
On the other hand, since a =o + a, + d there must be a critical
8 es Tis )
: 3kT :
temperature for which -8 =
350

Upon appropriate manipulations this critical temperature is found to be,

_ ™ Y aess
9¢ K Vl _ n(aes + dis)
° 3eg '

This means that thé dielectric will become spontenously‘polarized below this

critical "Curie" temperature. If a, +0j is much less than ag then,

o2
oo Uﬁ and /Tc - e 4-56
3kT ‘ 9k£o
But Eq. (4-4) and'Eq. (4-54) show that
' a_ /e : -
x —e -1 LTV AT .
€ 1 - D%as

3¢
o
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Therefore, it follows from Eq. (4-57) that

T -
X = —3c 4-58

€ T-r7
C

The calculation of orientational polarization of solids is not as

simple as that for the gaseous state. In solids molecules are not free to
orient in any arbitrary direction. This is due t§ fact that the interaétions
_betﬁeen tﬁe neighbouring molecules are limited, that is there.aré limited‘
number of stable orientations. These orientation states depend 6n the
symmetry of the molecules as well as the-bonding.

It is assumed by Fr6hlich6 that particleé in solids have different
equilibrium positions but not the freedom of fotation. The gimplest case
is the one wiﬁh two equilibrium positions. These positioné (a) and (B)‘are
separated by a distance (b). A pafticle with a charge (e) has the same
amount of energy in both of the equilibrium positions if the electric field
is absénf. But due to thermal agitations this éarticlé may Have sufficient
energy ta travel between these positions.i However, on.a time average, it
will spend as much time in (A) as it will‘spehd in (B); Due td this fact
the probability of finding the particles‘in (A)'mqst bé‘the same of finding
it in (B).. | | ﬂ

| On the other hand, applicatibn of an electric fiéld'alters the
equilibrium positions as well as the probability. The potential energies
(VA) and (VB) will be different in this situation. This diffe?ence can be

expressed by,

Vp - Vg = Eebcos8 "= e .E 4-59




; ’ ImMMcolo
ROBERT COLLEGE GRADUATE SCHOOL

. BEBEK, I1STANBUL . PAGE 63

where ¢ is the angle'between the direction of the field and b. This shows
that the probability of finding the particle in (B) is greater than finding

it near (A). According to Boltzmann distribution law the probabilities are

v
_ Exp(- A
pA - k )
v v
Exp(- —2) + Exp(- —3)
: kT kT
and Vg ‘ 4-60
- Exp " T
Pp ~

v
Exp (- VA )+ Exp(- —2)
kT KT

such that pA + Py = 1
If now there are (n) particles in the system, the probable number of
particles in the state (A) is n, = NPy and in the state (B) is_nB,; ppn-

Therefore,

(Eebcose _ | » 4-61

n
B
= Ex
ka)

n
A
On the other hand the average moment induced by the field is

e = =5 eb(pB pA) o 4-62

Therefore, the induced moments in the-directioﬁ of the field is,

1 ng — Ny

E': ———-ebcdse
+
2 ng nA
and 4=63
U = eb cosb tanh(ﬁshgggﬁg)
: 2kT

In weak field cases ebE .. 1 50 that the orientational pdlarizability for

KT :

solid dielectrics turns out to be,

]
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a, = (ebcose)z' -

s 2kT

464

The ability of a molecule in solids to orient itsei% with the field
depends on its shape and on tﬁe strengtﬁ of the interactions with the
neighbouring molecules. It is a meré fact from experiments that a molecule
can rotate more freely and quickly with the changing field if its -shape is
near to sphefe, an éxample being soli§ methane (CHaj. Molecules having less
symmetry such as HC1l or HZO’ éosess several equilibrium positions so that == .
their response is relati?ely slow.8

The behavior of orientational polarization in time dependent fields
can be oBtained by a similar method used fér the electronic and ionic
polarizabilities. If ﬂ;v is the moment due to the permgnant.dipolesiin a
constant electric field and E; is the.moment introdﬁced by the éppiication
of time dependent field, theﬁ the change of E& with time must be equal to

the difference between E;Aand ;;v divided by the relaxation time 7, that is

oy e g
—a'—t-t' = (llav U_t) . | 4-65
‘ T . .
UéE d he E (4-51) h ’
but u = ue to the Eq. - ence
av = 3k R
TR
L S et 4-66
5t 3kT ’ :
- :
On the other hand, since Gog = EEE , given by Eq. (4-52) then
MW . o Te ‘ b4=67
T ——==.0 E - ut
ot Og . :

If E sinousoidally varying field, then the steady state solution of

Eq. (4—67)'resul£s

_° ' 4-68
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yielding the complex orientational polarizability, ag . Then

t
o = _0s }
o =
t 1 + jwr
or _ ' ' 4-69
' N
o = Q - Jja
°t ot Ot
@ wTo
o )
where a! = —3— and o = S

°t 1+ 2?2 ot 1+ 7r?
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E. Interfacial Polarization

Interfacial polarizability, as it was mentioned previously, is due to
the lattice imperfections in the crystals of dielectric materials. If there
exist imperfactions inside the crystal, then the chances are the charges
accumulate in these regions. These defects likely give rise to é conduction
in the matgrials'and they contribute té the polarizability of the materiéls.

It is believed that under static fiélds, there is no coﬁductivity in
ideal dielectric materials. Actually due to the lattice defects, the
conductivity in such materials is extremely small but not zero.

In dielectric ﬁaterials' structures there exist an appreciabie number
of intercities that are partly occupied by the particles that make up the
material. Conduction, consequently, can take pért.by the movements of the
particles from one site to an unocéupied site. .

The most important defects existing insidg the matériéls are Frenkel .
defects and Schottky defects. Frenkel defects resuit from the displacement

of a particle from one site into ome intertitial leaving behind a vacant

site. On the other hand, when a pair of ions create a positive and a

negative vecancy pair, the imperfection thus formed.is called the Schottky defect.

It can be easily deduced that upon application of an electric field these
vacancies move through the lattice. The increase in tﬁe ﬁumber of vacancies
depends on the temperature increase.

Anderson proposes a two-layer condenser model to calculgte the
interfacial polarization'by the use of equivalent cirguitsf

This mechanism is mostly pronounced in materials that show semi-conducting

properties, or in other words, in semi-conductors.
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F. Relexation Time

In the view of the discussions carried so far in this section, thé
relaxation time given in Chapter 3, (Eq. 3-53) CQn be obtained consequently.
The particles in the dielectric ﬁaterial mav be assuﬁed to oscillate with a
natural frequency, f, = w0/2n, due to thermal agitation in the absence of an
applied electric field. Since in a twé equilibrium position system,vthe.
probability of finding a,particle in one ﬁosition is the same‘as finding in
the other, the transition probabilities must be the same. These transitioﬁr
probabilities are proportional to the ‘energies of the positions. However, when

an electric field is applied, the potential of one position is increased with
respect to the other. This increase is given by Eq. (4-59).
In the absence of the electric field, the probability of particles' movement

from (A) to (B), or (B) to (A) in per unit time is ( 1/(2mwy)) - But in the
presence of an electric field the transition probabilities may be expressed

as / |

‘ |
TRANSITION FROM A TO B Yo @
TAB = = pB 1
Sec 21 |
. 4-70 |
TRANSITION FROM B TO A %o |

TBA = : : = pA

Sec 2n

where (pA) and (pB) are the probabilities of finding the particles in (A) and .~

(B) respectively, and given by Eq. (4-60). Therefore

vy . o~VB/KT v w, e Va/KT
T = and Ty, = e & 4
AB 2 K : 21 K. .
' ' VA Vs
where K = Exp(- — ) + Exp(- — )

kT kT
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Now, making use of the Eq. (4-59), we can obtain

w ebEcos®

; Vp :
TAB = o EXP ("‘ _—) EXP( "—““"—)
2mA A kT kT
and
| bEcos®
T =T EXD('E——-——* )
AB BA :
kT

Since ebE <<kT is assumed, then

eblE
TAB = TBA(l + — COSS)
kT

472

4-73

b4-74 T

At an instant Kt), where ‘the number of particles in position (A) and

position (B) is (nA) and (nB) respectiveiy, there is a transition from omne

- position to the other. The number of particles that makes-transition from

(A) to (B) is nATAB and the number of pafticles that make transitions from

(B) to (&) is npTy, Per second. Therefore

ana -
— = = mTpg ¥ ngTgy
ot :
and 4-75
3, , ;
B _ _ +
= = nglgy ¥ 0 Tpy
ot
hence
5 : . S
— — - + —
(ng = n) = =(Tag * Tpy) (g = my) * (Typ = Tgp) (mg ¥ mp) 476

at

Using the Eq. (4-74) and sticking to the assumption made about ebE<< kT it

followé

' ebE
TAB + TBA = ZTBA(]“ + === cos8) = ZTBA
) kT ,
, ebE /
TAB - TBA = ( —~—-cose)TBA

kT

4=77

g
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so that

4 ebE _
dt_(nB - nA) = —ZTBA(nB - A) + 2Tpy %T ncoso 4-78

- + -
where n = ny npe

Before the appllcatlon of the field, at t = O, n, = ng - B which yields
. ' 2 '

n ebE . . o
ng - My = iy (1 Exp(—ZTBAt)cose 4-79

The above discussion shows that, eince polarization induced is
proportional to the number of partieieé, polarization mﬁst depend on the
time involved. The term Exp(—ZTBAt) represents the time dependence of
the polarizafion. Rememberlng Debye's decay functlon a(t) = w Exp(—-—;— )

this term should be equivalent to Exp(—~——— ), or
: T

N V '.
T:——l—-— :LEXP(—'-&") ' ‘ B 4-80

ZTBA : w, kT ) B , .e
where (VA) is the potential of the particles in position (A) before the

appllcatlon of the fleld n/wo is the time for a single oscillation,

or it is the time spent between two sugcessslve colllslons of the particles.
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_and E' is the internal electric field acting locally. , .

-

CONCLUSIONS:

1. The surface dengity of the bound charges can be related to the moleculer

parameters through relation
P = (g - = '
P = ( . 1)€0E = anE

where n is the number of particles per unit volume,a is their total polarizabilii

2; ‘Four mechanisms of polarization are:
a. Orientation of‘molecules; orientati&hal polarization
b. The displacement of charged atbms or groups of atoms with respect
to each other; atomic polarization |
c. Shift of electrons with respect to nucleij electroﬁicvﬁolarization
d. Trapéing of charge carriers; interéacial polarization.
3. Total polarizability is a = a_ + a; + a_ +a- | ’3

Internal field acting locally is found to be

E' = E + P/3¢

o}

which easily applies to materiéls in which‘particles are spatially well

organized or in complete disorder.

‘4. The relation between polarizability and relative permittivity is given by

N e -1 M

' + 2
3e €, P
which is known as "Clausius-Mossotti” relation. N_ is the Avagadro's number,

p is the density of the material and M is the molecular weight of the substance.

[y
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5. TFor electrostatic fields, electronic polarizability is found to be

a = TE
eg = Mol

where r, is the radius of the arbit of the electron. For sinusoidally,
varying fields,it is

eZ/m

o - e
e, =
t wg - w2* 5wB/m

.‘These show that % is a constant quantity at constant field but varies with
frequency at time dependent fields.

6. For ionic polarizability for constant fields it is

= g2/
U.is =dqd /U)oiM

which is a constant quantity, and for time dependent fields

a2/M

- w2+ 3
woy " U jBw/m

7. For orientational polarizability: |
At static fields aos = udz/(3kT) 'tempefétufe déyendent_;
at time varying fields aot :Aaos/(lb+ jwr)_bofh tempera;urg and frequency
dependent. .
8. Relaxatioﬁ time,defined in chapter III,is equal to

T = — Exp(V,/KT)

(O] o ) .

where VA is the potential of the particles in one position before the application

of field.
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9,

Interfacial polarizability is due to Lattice Imperfections of which

Frenkel and Schottky defects are the most important'parts.
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CHAPTER V

DIELECTRIC BEHAVIOR 1IN WEAK TFIELDS, MEASUREMENTS, : i

AND APPLICATIONS /

A. Dielectric Behavior in Weak Fields

. The theory of dielectrics discussed up to_this_point shows us that i
when a dielectric material is placed_in_electric’fields,‘surface charges are
induced on the dielectric. These induced surfaée cﬁarges appear in such a way
that they weaken the orignally applied field within phe material. In general,
tﬁe'density 9f dipole moments introduced by tHe induced surf;ce charées is

related to the electric field intensity inside the material through relation

(3-17), P = Xeao'f
At relatively weak électrostatié fields, the relations P = Xe .€o E

and P = ( €g ~ l‘) €¢ E ¥ suggest a linear proportionality between electric

field intensity and polarization. Tﬁis linear proportionality can be realized’

provided that the term ( €g = 1 ) eb_or’xeéo is a éonstant quantity.

By 'constant quantity" we mean tﬁat the pfoportionality constant should not

be aitered by external effects such as témberaturé, relative humidity,'as well

as electric field intensity.

From the theoretical point of view, developed in the preceding chapters,

:ﬁe can investigate the dependence of eg to the external disturbances. Naturally

this theoretical approach must be verified by experiments which will be

x e is used instead of ey which is general. eg is the relative permittivity

which corresponds- to static field cases.
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discussed in the following sections of this chapter.
Refering to Eq. (4-22), which assumes a relation between the relative
permittivity and polarizability, we can be able to direct our discussions

into microscopic concepts. Although it is not valid for all cases of y

dielectrics, for the time being we will base our discussions on this '"'Clausius-

Mossotti" relation,

Noa (ss - 1M
3eo  (eg + 2)p

The quantities Ngp, M, and p are constant quantities for a given material, and
we assumed €, also be a constant value. This means we are only left with

total polarizability which has to be investigated.

We know from Eq. (4-5) that total polarizability is the sum of the

electronic, ionic, orientational, and interfacial polarizabilities. This -

suggests that we can treat each polarizability individually and then combine

them into Clausius equation.

For électrostatic fields the electronic polarizability deriyed in Eq.(4-29)

is simply oggq = 4ws§r%. Although in derivation constant Tg is assumed, an

exact quantum—mechanical calculation resembles a quantity very close to the

above Value but differs by a number. The electronic polarizability appears

to be independent of external disturbances since for a given material r,

is a constant quantity.

Refering to Eq (4=43), the ionic polarizability for electrostatlc fields

is given by  ajg = 2/w2 M which indicates that it is also unaffected by




THESIS

ROBERT COLLEGE GRADUATE SCHOOL : ‘
BEBEK, 1STANBUL , . PAGE 75

- polarizability becomes a constant quantity.

the external disturbances. .

The orientational polarizability in weak electrostatic fields,
. uﬁ
3 kT

where (uq) is the permenant dipole moment of the particles that make up the

E << kT/ud , was derived in Chaptér IV and it was found to be a,g =

dielectric material. Generally, permenant dipole moments bf non-symmetrical
molecules afe between 0.5 and 5 Debye.2 Debye is the unit assqciéted with the
electric dipole moment and 1 Debye is equal to 10_18ESU or 3.336 10"28 Cqulomb—;
meter. The assumption E << k'l‘/ud turns out to be E << 248 10° Volts/Meter
for .5 Debye and E << 24.8 10° Volts/Meter for S Debye at room temperatures.

We recognlze from’the expression for oriéntational polarizability that
it is a function of the absolute temperature in weak electrostatlc fields.

Now if we combine all the polarizab;lities and substitute info

Clausius-Mossotti relation, then it follows that

3n (ogg + ®4g * Opg * uss)

: e. =1+
: ‘ S , 3co - (dig + Ogg + %pg + Oss) D

"This expression, therefore, for dielectrics possesing no polar molecules

is a constant quantity at all conditions. However for a given,die1ectric,_
containing polar molecules, the static permltthlty is affected by the

temperature variations and it is a constant quantlty only for a glVen

temperature.

" The Langevin function is the dominating factor in orientational
polarizability. From Eq. (4~50) we see that when kT = Epg, the orientatiomnal
‘And also from thlS expression

we - see that orientational polarizability would be a function of the electric

field intensity if X3/45 were not neglected. But since we deal with weak-
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fields, the assumption made by neglecting this term is an appropriate one.
So far in this section we have used the equations which can be applied
easily to gaseous state. For solid dielectrics the orientational polarizability

. : 2
is given by Eq.(4-64) as a__ = (eb CosB)® hich also shows that it is a

0s 2kT

function of the temperature at weak electrostatic fields. Far polar liquids
and solids,Clausius-Mossotti equation usually does not hold. For such
dielectrics Onsager3 has'established the relation, L

(eg = DM (€ = DM _ 385(6@ +2) AnugNo
(eg + 2)p (Ew + 2)p 2(eg + €, (gg + 2)9KT

This relation is more generalized by Kirkwood and FrﬁchlichA{S, which can be

expressed by,

(ES ;'1)M B (e = 1)M - 3eg(ew + 2) hnuaNo g
(Es + 2)9 (Eoo + 2)p Z(ES + Eo‘o) (ES +_.2)9k.TV

As far as the external effects are concerned these equations are similar in. form

to Clausius equation.

The behavior of dielectric materials'at weak alternating fields can

be-investigéted from the previously derived relatiqnshiPS.

Eq.(4~34) indicates that the electronic polarizability is a function

of frequency only. Using relation, the relative permittivity given by Eq.(4-4)

.can be written as:

ne?/meq
e,z 1 ¥ =
r wi-w?+jup/m
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"that dielectric ma

-

For ionic polarizability, it also varies with frequency and given

by Eq.(4~43) as:

2

Q' -
it =
w2y = w? + juB/M

Also for time-dependent fields, the orientational polarizability is,

The quantity (1), relaxation time, is a‘funétion‘of the temperature as derived
in Eq.(4-80). This means that orientationai polarizability is a function of
the frequency as well as the temperature. The complex dielectric pefmittivity
of whose components are given by Eq.(jFAB) and Eq.(3-49) in‘terﬁs’of Debye
relaxation time, therefore deﬁends on the temﬁefature and frequency. However,
theoretically if linear relation between E and D is assuméd,the components of
complex relative permittivity should not be independéﬁt of eaﬁh other since

they are derived from the same function. This proposes that relative

permittivity is almost a constant quantity under frequency variations. On the

other hand polarizabilities arising from different mechanisms are dependent

factors of frequency, yielding the fact that relative permittivity varies with

frequency.

We can deduce from the frequency variations of the polarizabilities

terials can be classified according polarizabilities.

These are 1) dielectric materials that exhibit electronic polarizability, 2)

dielectric materials tha

t have both electronic and ionic polarizapilities, and
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.

3) dielectric materials that exhibit all the polarizabilities.

The frequency dependence of polarizabilities is illustrated in figure 10
in a schematic way. At the micfowave region the éurve,resembles that of -
the spectrum of complex pefmittivity defingd by the relaxétion time and

given by Eq.(3-48) and Eq.(3-49).
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Fig. 10 - Variation-of polarizabilitv with frequencv. _

Therefore we can conclude that for weak time-dependent electric fields

the relative permittivity is.a function of both temperature and frequency.

' For weak electrostatic fields relative permittivity is a function of the

temperature for dielectric materials that posses polar molecules.

L
4 MICROWAVE :i: e INFRARE O e opr/c,'u—.- o
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'standard precision capacitor is used. However, for frequencies -of 10 MHz to

. 6
B. Permittivity Measuring Methods ’

Permittivity is one of the important aspects associated with the
dielectrics. There are variety of methods to determine the permittivities.
Since the components of permittivity.vary according to conditions, ‘the
methods of measurements vary with the conditions in which. the measufements
are to be pérformed.

Static Permittivitv can be obtained by a time-constant technique which

will be discussed in the following section. On the other hand for the
permittivities at different frequencies, it is neéessary to use different
bridge or resonant circuifs properly adjusted td the coﬁdihions. For
frequencies in the range of lO2 to 107,Hertz a typical bridgé, Sghgging
bridge, may be used. This type of bridge providgs an accuracy 6f

t(2% + 0.04 uuf) for the capacitance if the system is well-shielded and a

100 MHz, a.c. bridges fail to give accurate results due to increased stray

capacitance effects. It usually happens that resonant circuits are used

N}

instead of a.c. bridges at this frequency range.v'Ong.deficiency of ;his
type of circuit is that it is limited tb relatively low-loss materials with
tané lE 0.05. For the dielectrics having lérge loss tangénts, a double
resonance method is usually‘used. There are five different methods
asséciéted with these resonant circuits. They are (1) resiétance‘variation,
k2) conductance—~variation, (3) sﬁsceptancé—variation, (4) frequeﬂcy variation
and (5) resoﬁance_rise methods .

In vefy high frequency range, 100 ; 1000 MHz, the tuned'circuits cannot

be used due.to the unavailability of such circuits. Instead,distributed
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circuits are used. Transmission - line and wave guides are common forms of

these distributed circuits.

C. Static Permittivity Measurements

The value of the static permittivity for a given dielectric material
at weakvelecgrostatic fields can be obtained through thé measurements
described in the following paragraphs. This method is used to find the static _
permittivities of six different dielectric materials which are to be usea
in ElectrO*ancell measurements. Eleéﬁro—odécell will be mentioned in the

"applications" section. The graphs and results of the experiments in relation

with this paper aregiven in Appendix B.

The basic concept associated with time-constant measuring technique
for determining the static permittivity is to measure the elapsed time for
a condenser system to discharge from an initial to a latter voltage. The

diagram in figure'(ll) illustrates the circuit used in determining the d.c.

l
4
|
|
relative permittivity. : , _
|
|
!

N ]
S |
I i
i ' S, Electrometer 1
_ Measuripg Cell [ I |
[-———_‘_—‘_—' l .
+ | ’ ! : ' . T |
v ! : " i ! To
D.C ! = 1 === '-—CA_ $=Ch, R -
Source : T I { C. -l ! " = Recorde
(RS S 1 —— e — = \
|
|
\
|
!
]
pu— s

" Fig. 11

.

- Measuring circuit

used in experiments.
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The measuring cell designed for this experiment consists of a micrometer

-

electrode system. Micrometer system electrode is used in order to adjust

the distance befween the electrodes so\;hat dielectric samples can be

easily inserted or reﬁovéd. Also it provides the measurement of capécitance?
when there is no dielectric specimen between the electrodes. This arrangementv

is placed in a grounded shield to eliminate induced voltages due to outside

sources. This arrangement is shown in figure (12). S

Insulator

!
l
l
l
|
I
1
|
I

Fig. 12 -~ Measuring Cell.

Initially, without a dielectric specimen between electrodes, this two
parallel, circular, plate condenser is gharged to a voltage V,-from a battery.
The spacing between the electrodes is adjusted to the vglue whichAcor;eSponds to
the thickness of the dielectric under investigatign.

Charging of the condenser is performed by closing the switch (Sl). After

the condenser is charged, the switch (Sl) is opened at the time‘(to). This

operation leads the condenser to discharge through the high—valued resistance

of the electrometer.. During discharge,the time elapsed from t, and the

X

Electrometer: Model 610 B, .001 volt full scale to 100 volts in eleven 1lx and

14 ohms shunted by 22 picofarads as the input

3x ranges, lo . .
impedaﬁce, input resistance may be selected in de;ade steps

cmw from 10 to 101l ohms, Keithley instruments.

ol
Tt
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decreasing values of the voltage to anykvalue'(v) are obtained from the

-

recorder® connected to the electrometer. This recorder records the discharging
curves, and provides a direct reading of the time for a voltage (V).
If the value of the voltage on the condenser at any time (t) is V(t),

then

v(t) = Vg Exp(— ,)

where R is the resistance of the electrometer (Rm), and Cg is the capacitance
of the system for figure ll,tﬁat is it is the sum of the Cy » Cm,and Co which
is the true capacitance of air~filled electrodes. |

Selecting ty, = 0, if at time t = To » V(t) = v, is observed, then the
capacitance of the system can be expressed by, |

T

O
Rp 1n (Vo7\7]_)

Cé:

Seeondly, the dielectric specimen under investigation is inserted between
the electrodes. This arrangement is also charged to‘Vo by meaﬁs of closing
the switch (S7). The system is then allewed.to‘discﬁafge as in the previeus
case. During the discharge'the timeAT is found for the voltage to fall to a
convenient value (Vz). According fo-exponential decay.;

In Vo = T

\'S] C'Rp

where C' is the capac1tance of this last arrangement and Rp is the parallel
combination of (Rm) with the losses of the dielectric sample represented by Rp.

) : s . 1 .
We see from the last relation that it contains two unknowns,. Rp apd c'. To

X .
Recorder: Varian recorder division,series F-80A, x-y recorder,x-time recorder,

0 2,1,2,5,10,20,50,100, 200, 500 mV/cm; 1,10,20 V/cem range
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eliminate one of them,another equation is needed. Such a relation can be

obtained by connecting a low-loss air filled capacitor (Ca) in parallel to

the arrangement®. This is pérfqrmed by closing the switch (S9). The system
is first charged to Vs and then discharged. The time (t') is measured for the
inital voltage to drop to V,. Voltage (V2) is the same value obtained for

the previqué case. Then from exponential decay,

lnyg— T' — T 6r C' - Ca

vy (C'+C) Ry C'R (t'/1 - 1)

Now, since C, = e,A/d and C = goe,A/d , it follows that

C

E = 2. = €

T S
Co

Now, we must point out that the values of C} and C' obtained from
discharge curves are not Fhe same with C, and C which appear in € = C/Cq-
Cé and C' contain the values of electrometer-capaciﬁance (Cm) and the
capacitance due to electrodes and insulations (Cy), combined in parallel¥X,

Therefore, .
czc'-(c,*+C )  and ¢O =Cl = (Cp+Cy)

The experiments with 6 dielectric samples were conducted under constant

‘temperature (25°C) and relative humidity (49-517%) conditions in order to avoid

interferance of these factors to the experiments. Five inital charging

X

Ca Since a variable low-loss air-filled capacitor was available, its

ce

lvoltage is used in the experiments. These are: V, = 2.7, 4.1, 5.4, 32, 45 Volts.

capacitance was recorded after each egperiment to avoid any error, (25-250pF).

XX : , :
C;, ¢ It was measured by Impedance bridge, type 1650A,General radio Company,
and its capacitance was found to be equal to 10 pF.
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D. Discussion of the Experimental Results

The dielectric samples with which the experiments were performed are g
given in Appendix B.1.. These samples have the following characteristics:

Sample 1 - Wrapping paper, having fiber content, semi—traﬁsperant, ' |

thickness = 5/50 mm = 3} 10—4 Meter .

Sample 2 - Plastic, semi-transperant, has small amount of electrostatic

4

«

surface charges, thickness = 15/50 mm 5 3 107 Meterb .

Sample 3 - Special paper used in airplanes as hand towels, large pores,
non-transperant, thickness = 18/50 mm = 3.6 17" Meter .
Sample 4 - Special paper used in airplane service trays, has electrostatic

surface charges, non-transperant, thickness = 11/50 mm

~ 2.2 1Y Meter .
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/,

.6 107 M

L6 1074 N

Sample 5 - Cellophane paper, transperant, thickness = 3/50 mm

Sample 6 — Wrapping paper, transperant, thickness = 3/50 mm

The experiments are perfofmed under constant femperature (25°C) and
reiétive humidity (49-51%) conditions inorder to eliminate the effeéts that
might arise-from these effects. The fesults obtained from tho’eﬁperimeﬁts are
tabulated'in Table 5-1.

A series of bridge measurements was also conducted to compare the

results®. The results obtained from such measurements at 6 Volts and 1Klz

are given in table 5-2.

jo

8]

The values of e, in Table 5-2 is calculated from the relation €. = ~;M

where (C) is the capacitance measured by bridgé, (t) is the thickness of the
sample, and (A) is fhe area of one of the electrodes. 1n this aﬁproach, the
application of the formula is based on the assumption that the plate dimensions
are much_larger than the thickness of the sample.v This meéns that the
condenser can be considered as having infinite pléte area so that approximately
the lineaf relation holds. A more carefulﬂapproach would give better results

but not appreciably different than the above results. ‘For our purposes the

assumption is applicable.

The results of Table 5-1 imply that, except sample No. 1, dielectric

éamples considered have almost constant relative permit;ivities at initial

voltages of V4 = 2.7, 4.1, 5.4 Volts, hence in weak initially applied external

fields since E5 = Vo/t . The differences in the values of ¢, of a specific

X B : )
Impedance bridge: Tvype 1650-A Impedance Bridge, General Radio Company
i

1 pf - 1000uf, series or parallel, 7 ranges for capacitance

measurements, 1 KHz supplied internally.

:
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dielectric sample can be attributed to the experimental errors, especially
to the difficulty of reading time values from the graph;. As it is shown in

Appendix B.2, a small difference, of the order of .5 mm, on the graph paper

results in.an appreciaBle change in the value of the capacitances. Although
we tried tq read approximately the correct values from the graphs, a more
sensitive recording device with a scale.less than‘0.2 sec/cm wou1d yie1d’
more reliable results. » -

Comparison of Tables 5~1 and 5f2 shows.that (ar)L for samplell, (er)H'
for sample 2, (E%SH for éample 3, (ep)y for sémple 4, (ey)p for sample 5, and
(sr)L for sample 6 give reasonable values. Noﬁ let us investigate each

sample individually.

Sample 1 - Table 5-2 implies that it has a relative permittivity of 6.66.

In Table 5-1 there is no repeating value for.er . When (e,)p is taken into
account, thére appears éome values close to the value 6.66. The deviations
in the values cén‘be due té the experimental erroté. -This judgement is based
on the fact that relative permitti&ity does not follow a regular pattern
with 1ncrea51ng inital voltages. Although we are not deflnltelv sure, we can
state that sample 1 has a relative perm1tt1v1tv around 6.70, and does noﬁ
depend on the field strength at weak flelds.

‘Sample 2 - This sample has a relative permitti&ity of 4.65 from bridge

measurements and 4.67 from (e,.)y, which are very close. The only variation

from these values is experienced at V, = 32 Volts. As a result we can

easily state that e, for this dielectric sample is around 4.65 and it stays

constant with increasing externally épplied initial fields (Ep).
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(Valués obtained from experiments) i
|
| i
Tpitial SAMPLE 1 SAMPLE 2 SAMPLE 3 |
|
Voltage .
v Fo Eo Eg
° Volts ||V/mm (exdy, |(er)n v /mm (er)y, |(erdn V/mm (epdy, | (epdy %
2.7 27 7.23]7.80 9 4.43 | 4.67 7.5 |5.34 | 6.00
4.1 41 6.827.35 | 13.714.43 | 4.67 [11.4 [5.34 |6.00
5.4 54 8.07|8.73 | 18.0|4.43 | 4.67 |15.0 |5.34 | 6.00 }
|
32.0 320 6.95) 7.50 |106.7 ]| 4.64 | 4.89 ]89.0 |4.73 ]5.32 i
45.0 450 6.75] 7.28 {150.0| 4.43 |['4.67 R25.0 |4.95 |5.57 '1
—— —— :
Initial SAMPLE 4 SAMPLE 5 SAMPLE 6 i
Voltage R
° Volts V/mm (Ef)L (ep)y v /mm (e ey, _(Fr)y V/mm (epdy, (eedH , 1
2.7 12.3 ] 3.19|3.21 | 45.0] 5.62 | 5.77 | 45.0 [4.00 | 4.12 »
4.1 19.1| 3.50|3.58 | 68.5| 5.62 | 5.77 | 68.5 |4.07 | 4.18 '
5.4 - 24.6 1 3.19] 3.21 | 90.0] 5.61 | 5.75 | 90.0 | 4.03 | 4.14 1
- - i
32.0 145.0 | 3.171 3.20 533.5] 6.60 | 6.75 |533.5 | 4.07 | 4.18 |
1
45.0 205.0 | 3.27{3.29 |750.0] - . - 750.0 | 4.36 | 4.50 |
1
i
.
- |
TABLE 5-2 : .g
( Values obtained from bridge measurements.) i
SAMPLE SAMPLE SAMPLE ‘| SAMPLE SAMPLE SAMPLE |
1 2 3 4 5 ‘ 6
c 185 43 47 41 252 180
pF . .
€ 6.66 4.65 6.10 3.23 5.45 3.86
r ‘ .
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Sample 3 - Comparison of Tables 5-1 and 5-2 implies that sample 3
has a relative permittivity approximately equal to 6;00. ‘The .disbehaviors
obsefved for e, at V, = 32 Volts and 45’Volts might be due to the experimental
errors, since the variation order is irregular. Therefore we can say that
relative permittivity does not depend on the fields of relatively weak
intensities.

Sample 4 - TFor this sample, it is obtéined 3.23 for the relative
permittivity from bridge measurements and 3.20 from time-constant measuring
results. 'Refering to Table 5-1 we can‘sa? thét £, stays constant for increasing
externally applied initial fields (Eg) -

Sample 5 = This sample has almost a constant relative permittivity
for initial voltages of Vo = 2.7, 451,Aand 5.4 Voits. However an irregular
beha§ior is observed for higher voltages. This'might be Que to the»experimental
errors otherwise theoretical explanation would fail. :Although this behavior
is experiepcedkat relatively high field intensities, it can not be
attributed to dielectric.breakedown since if it were the case then the
decaying rééponse would not be obtained. As a last altefnative,‘therevmight
be spacevcharges in the dielectric,sample which can contribute to the

variation of €. at increased voltages. ‘ We can lastly say that for external

fields up to about 100 v/mm, relative permittivity has a’ constant value around

5.50 .
Sample 6 - Only one irregularity is observed at E; = ASO.Volts/mm .

But for our purposes, at weak fields, €. has a constant Valug approximately

equal to 3.86 from bridge measurements -and around 4.00 from time~constant

measurements.
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.It is also interesting to note that for most cases the values of
) obtained f?om graph measurements somewhat resemble the values that
are. tabulated in Table 5-2 =~ = .
As a result we can<say<that,~except experimental errors, the relative

permittivities of experimented dielectric samples have constant values for

externally aﬁplied weak electric fields.
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g+ Dielectric Applications

a

The basic properties Fhat éutline the dielectric maferials are'theirb
non—-conducting proper;ies and énergy‘;torage capacities. Due to these
properties dielgctric ﬁaterials are widely used. All kinds of electrical
equipmentsﬁfrom power and distribution equipments to electronic deviceé, make
use of dielectric materials. o ' ‘

Naturally,dieleétfics, due to theirvnon—conducting properties, are used ;
when insulation problems are involved., They are used, for instance, in
cables, in transformers, in switch geafs_as iﬁsulators. \ “

Besides the insﬁlating properties, charge-storage capacity makes the
dielectric materials to be widely used in electronic eéﬁipémeptg. ~Capacitors |
are the most important devices that make use of this property.

Capacitors having large capacitances and small sizes are made of
ferroelectric materials-since these materials ﬁave‘high permittivities,

However; the teﬁperature dependencé of these dieleétric materials limits their
applications. For céses where preéiéion and constancy of the'capacitance

is required, ﬁhey can not be used. For'opher‘dielectric materials, high
capacitance can be obtained bylreduéing the thickness of dielectric slabé.
This leads to thin-film capacitors to ge used for high’capacitance.vélues.

But reduction of the‘thicknesé results in an increasevin the electric field
intensity for a given voitage so that dielectric breakedd&n occurs at low
potentials. This limits the applicétidn of thin-film capacit&rs as valves

in circuits where there are high potentials associated with the system.
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The capacitive property of dielectric materials finds another appllcatlon
in the Electro—Odocell, an objective odor measuring instrument whlch has
been developed in the Research.Center»of Robert College.

Prof. N. N, Tanyolag, who first developed Odocell with Prof. Eaton at
Purdue University in 1948, descrlbes the principle of operatlon of the
Electro-Odocell as:859

" The electro-Odocell detects and measures the change in potential or
current on a dielectric when one surface is contiminated by the molecules

given off by odorants. The Electro-Odocell consists of an odor sensitive

." ! ] ) n
transducer open to odor molecules, a microvoltmeter, and an automatic recorder.

Llectrode

] N O O
==10 ) O=70) ) |[©

Dielectrse

"fak\.\\\\_\“
O

Insulator

| 2 .3
. l .+
Detecrtor . . Miero Va//méf ér R ecorc/ er

"o The sensitive surface of the detector 1s open to the odor molecules

. N » 3 3 ! 1"
and is made of dielectric materials like mica,. glass, plastics, paper, etc.
It can be easlly observed from above definition that the detector in a

waybacts like a capac1tor. Introductlon of odorant molecules to the dielectric

.
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surface results in formation of a layer of charges which acts as the second

electrode. Basicly the voltage built up across the detector is dominated by

the amount of odorant molecules collected at the dielectric surface as well

as their orientation. Besides, the experiments carried in the Research Center
of Robert College reveal the fact that relative humidity is alsoc an

important factor in odor measurements.

dielectric is somewhat related to the charges collected at ﬁhe surface of

the dielectric material of the detector. In order to investigate this
relationship, we need the capacitance, hEnce'relative permittivity, to remain
~ constant at the field intensities introduced by the odor molecules. Also

we need to find dielectric materials éuch thatltﬂey give the best and the

desired results.

2 and 3, is given in Appendix C. These éurves are obtained from an Electro-

Odocell which has been used for further investigation in odor detection.

It is

We see from the foregoing discussions that the voltage across the

For illustration purposes, curves obtained for Menthone by using samples -

interesting to observe that the shapes of these curves somewhat resemble

that of the charging of capacitors. Also we see-from these curves that the

dielectric with e, = 4.65 (sample 2) is‘mofe sensitive for menthone than

the dielectric with g, = 6.00 (sample 3). Presently this behavior is under.;

investigation.

Ferroelectric materials are used as dielectric amplifiers since they

posses hysterisés loops. If very thin ferroelectric capacitor is used, then

any change in the biasing voltége would result in a large change in the

incremental permittivity which is determined by the point on the hysterises

loop.
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materials to be used as transducers, converting mechanical energy into

‘electrical energy or vice versa.

Besides these applications, pieéoe]ectric properties make dielectric
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 with a detailed description of macroscopic and microscopic properties of

CHAPTER™VI

~ CONCLUSION

In the foregoing discussions of this report we have dealt the,dielectrié
behavior in relatively weak electric fields. We have began the discussion
dielectric materials in electric fields. In the latter sections of this report, .
the dependence of relative permittivity to the: external effects has been

investigated. Some of the results obtained from the theory were tried to be

~verified by experiments.

The fundamgntal theory discussgd.in Chapter;I implies that when a-dielectrié
material is'placed in an electric field, induced surfacg charges appear in
such a way that they tend tb weaken the original field,within the dielectric. = -
In Chapter II,.we considered the fundaﬁental theories associated with elec;ric
fields. We defined tﬁe relation D = eE , which makes use of the propérty in
the mediuﬁ. The second part of Chapter,II’dealt with.the other impoftant
aspecﬁ of dielectrics; dipoles. The‘dipoies and'tﬂe fields associated with

them were discussed in this part.

electric field intensity due to a dipple,was found to be

3 (m-+1) r'Q rZm

E =
bre, r°

]
!
. . - |
By making use of field theories, the 1
' 1
|
i
o) ‘:

In Chapter III, the behavior. of dielectric materials in .electric fields

was discussed from the macroscopic point of view. The important conclusions

obtained from this chaptér can be summarieed as
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1. For isotropic dielectric materials, the relation between induced charge

density,P, and electric field intenéity,E,,within dielectric is,

P = xeedf = (sr - l)e&f : .

This linear relationship is not valid for anistropic and ferroelectric materials.
2. For time-~dependent fields, relative permittivity is composed of two
components; ep(w) = e; (w) =je} (w) . In terms of relaxation time, which was

derived and found to be a function of temperature in Chapter IV, the components

of permittivity can be given by,

€. = € (Ee = £4) &T
! o + —S8 "% . " - S o
e' (w) = g, 1+ 0l and e"(w) = =™

1 f (wt)?

At very low frequencies and at constant T conditions, that is (wr)z <<1l, we see

that €, is a constant quantity, €4 . However this is not the case for large _

values of w.

Chapter IV_has dealt with the microscopic aspects of dielectrics under electric
fields. We see in this chapter that macroscopic polarization is related to

molecular parameters through relation
P = anE' = (ep = 1DE

Following this relation we reach the "clausius-Mossotti" relation which links

Each component of total

i
|
1
i
1
|
1
i
|
|
;
|
|
%
%
|
1
|

relative permittivity to microscopic polarizabilities.

polarizability has Been examined. We have concluded that for electrostatic fieldg

electronic. and ionic polarizabilities have constant values where orientational

polarizability is only constant for a given temperature at weak field intensities.

Hoﬁever, for time-dependent fields, we have obtained the fact that all
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polarizabilities are functions of frequghcy, ;nd they vary with varying fields..
Although for solid dielectric materials possesing poiar ﬁolecules, the
orientational polariéability seems to be_affected by the field intensity, the
term which is responsible for thi§ behaviorpiswnégligible in weak field, so
‘that it does not contribute to permittivity.

In the first parts of Chapter V, we Havé considered the;behaviof of diélectric‘
materials at weak fields with the help‘of ﬁréViously derived rélationéhips; and:~
concluded that for electrostatic fields, the relative permittivity is a cbnsfang
quantity for a given temperatﬁre. On the other hand, we have also found that
dielectric properties are affected by frequency as well ds temperature at |
time—dependent fields. |

Finally, the rest of Chapter V has been devoted tb experiﬁental,verification'
of the theoretical observations, and.applications of dielectric materials.
Experiments have been conducted on 6 different dielectricAsamples‘in connection
with the Electro-0Odocell which has beenAunder investigation in the Research Center
of Robert éollege. Experiments have showed that out of 6 samples, & of them
have almost constant relative permittivity values at aifferent e#ternally
applied initial fields. However i:regularitiés obéerved fpr sample 1 can be
-attributed to experimental efrors. This sﬁggests a more sensitivg approach is
needed for the expetiments in drder.to eliminate the erfqré. Once this is

done, we can obtain more reliable verification of the theory.
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APPENDIX A

-

A.l Vector identities
f n .

]

T (VA )

i}
>
<
<l
+
<$
<7
x>

V(W) = VT W

< <l
7~~~ ~~
<
+ o+
= @
j —a g
" 1
<l <
< >
+ o+
<1 <
=

<
]
~~
<
E
s
§

= WXA+ VXA

A.2 Proof of V(A -T)=A

PAGE A=1

Let TauxityJ+zk and A :Axi+Ay§+Az‘

Then A-T=A x+A v +A =z
X y ) z
Since V(W) S VIWHWIY , if Ay, Ay, A
vector, then V(Axx+Ayy+Azz):AX§x+f
Vx = X1 _T Ty o= 3 7
But VX = e = i o Vy_ay =]

hence A is a constant

Ty + A, Tz -

ot
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'‘APPENDIX B
\’:;;]3'.1 Dielectric samples used in experiments
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B.2 Calculations

i) Formulas

A:-_'TT‘L'2

Ca :

S AR

T
0
Ry 1n(Vy/V1)

C! =
(o]

(e.)p = for highest value of Cj; = —

(er)y = for lowest value of Coq = ——

€, from bridge measurements =

Vo

Eg = .

ii) Constant values

H C:C'—(Cm

;5 Co=Cl-(c )

(o}

C
'COh

C
Co1

tC
AEQ

11

r = 10 mm Rm - 10 Ohms | ‘ Cm': 22 pf

1n(5.4/3.9) = .326

Temperature 25°¢C

1n(4.1/3.1) = .278

Relative humidity:"

+ CL')

Cy = 10 pf

1n(2.7/2.2) = .207

49-51%
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iii) Calculatioﬁs, results,and graphs  1
:
SAMPLE 1 ‘
V, = 2.7 Volts - T, T, greloﬁtaihed from graphs | -
At V, = 1.45 Volts ,T' =(15 mm) (.02 Sec/mm) = .30 Sec.
T =(13.5 mm) (.02 Sec/mm) = .27 Sec;
' ,
= = 1.11
T
| . 25 pF _ ‘ i .
C =gqr=g=2%0F C=C"'~-(Cpht+CL) =227 - 32=195pF . 1
V_ = 4.1 Volts v
o | — _
At V, = 3.1 Volts t' = (9 mm) (.02 Sec/mm) = .18 Sec. ’1
T = (8 mﬁ)(.OZ Sec/mm)‘s\;16'Sec. V i
' = 1.125 ‘ !
T ’i
v _ 27 pF _ - -
¢ = gags = 26T C = 216 - 32 = 184 pF o
| ~ |
Vo = 5.4 Volts i
At V, = 3.9 Volts ' =(11 mm) (.02 Sec/mm) = .22 |
A t =(10 mm) (.02 Sec/mm) = .20 -%
T 1.1 |
T
c' — 25 pF _ 250 pF C = 250 - 32 = 218 pF ' : ;

Similérly vaiues of (C) are obtained for other initial voltages. They are

tabulated in tables in this section.
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Vo - 5.4 Volts At V; = 3.9 Volts T, = (96 mm) (.02 Sec/mm) = 1.92 Se
¢! = _1.9210711 = 59 pF Co = 59 = 32 = 27 pF
326 , ‘
V, = 2.7 Volts At Vi = 2.2 Volts T, = (60 mm) (.02 Sec/mm) = 1.20 Sec.
v _ 1.20 L-11 _ - ’ :
Co =557 10777 = 38 pF C, = 58 - 32 = 26 pF
218 o 218
VO = 5.4 Volts (EI‘)H = 76_— = 8.39 : (Er)L = 55 = 8.07
Vo = 4.1 Volts C (epdy = 1842 7.09 0 (e = 184 - 6.82
26 27 L
V, = 2.7 Volts (ep)y = 193 = 7.50 (egdy = 2195 =7.23
26 : 27
¥ If at V, = 2.7 Volts and Vg = 1.45 ; 7' = (15.5 mm) (.02 Sec/mm) = .31 Sec.

then ' 1.148
—

C' = 25 pF = 169 pF =, C = 169 - 32 = 137 pF which is appreciably
1.148 - 1 . _ '
different than the value calculated previously. o

Similarly the values for permittivities for all samples are calculated.

They are given in the following Tables.
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c

SAMPLE 1
Vo vy T T C, c' c
Volts Volts Sec. Sec. pF - pF pF
2.7 1.45- .27 .30 25 227 195
4.1 3.1 .18 .16 27 216 184
5.4 3.9 .20 .22 25 - 250 218
32 22 .30 .40 73 219.5 187.5
45 35 .17 .23 75 214 182
v, vy To cy Co A (ep)y- (e L
Volts Volts Sec. pF pF
2.7 2.2 1.20 58 26 7.50 7.23
4.1 3.1 1.64 59 27 7.09 6.82
5.4 3.9 1.90 59 ©27 8.39 8.07
32 - - - - 7.22 6.95
45 - - - - 7.00 6.75
SAMPLE 2
Vo Vs T ! {Ca - - ! o
Volts Volts Sec. ‘ Sec. pF pF pF
2.7 2.2 1.50 2.40 45 75 43
4.1 3.1 2.25 3.60 45 . 75 43 .
5.4 3.9 2.35 3.75 45 75 43
32 27 0.72 1.14 45 75 45
45 40 0.45 0.72 45 75 43
Vo vy T, CH Cq (exdy (er)y,
Volts Volts Sec. pF -pF )
2.7 2.2 0.86 41.5 9.5 4.67 4,43
4.1 3.1 1.16 41.7 9.7 4.67 4.43
5.4 3.9 1.34 41.2 9.2 4,67 4,43
32 - - - - 4,89 4,64
45 - - - - 4.67 4 .43
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SAMPLE 3
v, Vo T T! Cy c! C
Volts Volts Sec. Sec. pF _pF pF
2.7 2.2 .18 .27 40 80 48
4.1 3.1 .22 .33 40 80 48
5.4 3.9 .22 .33 40 80 48
32 22 40 .62 41 74.5 42.5
45 35 .26 40 41 76 44.5
\ . \Y ) T c! C I
O Volts 1 volts| © sec. © pF 0 pF (erdy (er)L
2.7 2.2 .84 40.5 8.5 6.00 5.34
4.1 3.1 1.14 41.0 9.0 6.00 5.34
5.4 3.9 1.30 40.0 8.0 6.00 5.34
32 - 5 - - 5.32 4.73
45 - - - - 5.57 .95
SAMPLE 4 )
v, v, T ! Ca c' C
Volts Volts Sec. Sec. pF - pF pF
2.7 2.2 1.45 2.35 45 72.5 40.5
4.1 3.1 2.08 3.25 43 76.4 44,5
5.4 3.9 2.10 3.40 45 72.5 40.5
32 27 42 .67 43 72.3 40,3
45 40 .29 46 43 73.5 41.5
Vo volts |V T, c C, (edy | (eD)g
O TonEs ! Volts ° sec. ° pF ° pF ¥
2.7 2.2 0.94 45.4 13.4 0 3.21 3.19
4.1 3.1 1.24 44,6 12.6 3.58 3.50
5.4 3.9 1.46 44,7 12,7 3.21 3.19
32 - - - - 3.20 3.17
45 - - - - 3.29 3.27
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SAMPLE 5
Vo Vo T ' Ca c' c
Volts » Volts Sec. Sec. pF ) pF pF
2.7 2.2 .19 .22 45 283 251 -
4.1 3.1 .19 .22 45 283 251
5.4 3.9 .21 .23 26 282 250
32 27 .13 .16 75 326 1294
45 40 .16 .16 75 o L
v, vy T, c 1S Eer)H- (5r)y
Volts Volts _Sec, ~plf pF .
2.7 2.2 1.56 75.5 43.5 5.77 | 5.62
4.1 3.1 2.10 75.5 43,5 5.77 5.62
5.4 3.9 12,50 76.6 4.6 5.75 5.60
32 - - - - 6.75 6.60
45 - - - - - -
SAMPLE 6
v, v, T ' C, S C
Voltg Voltsg - Sec. Sec. pF |- pF pF
2.7 2.2 .46 .66 92 211 179
4.1 3.1 .59 .84 91 . .| . 214 182
5.4 3.9 .60 .86 92 212 180
32 27 .26 .37 90 214 182
45 35 .33 .46 90 - 227 195
VO ' Vl Ty C(') Co- (E’?-)H (er)L
Volts Volts Sec. pF pF
2.7 2.2 1.56 75.5 43.5 4,12 .| 4.00
4.1 3.1 2.10 75.5 43.5 4.18 4.07
5.4 3.9 2.50 76.6 44.6 4.14 4,03
32 - - - - 4,18 4.07
45- - - - - 4,50 - 4,36
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APPENDIX D

Relative Dielectric Constants for Several Common Dilectrics.

( Values apply to normal temperature and humidity condltlons

and to very low frequencies.)

Shape:

Sphere

Thin

Infinitely long

initely : Longitidunal
circular cylinder. - 4/@ ' '

Méterial

€y Material ' Er
Vacuum 1 Bakelite’ : 479
- Glass(pyrex) 5 Glycerine 45
Mica 6 Mineral 0il 2.4
Nyion 3.7 vPlexiglass 3.4
Polyethlene 2,26 Polystyrene 12-53
Teflon 2.1 Water(distilled) 80

slab

These values are

Depolarization Factors

o0

Axis: - N ..
Depolarization factor:
) Ahy_ 1
3eo
Normal vl
RS €o
In plane -0
0
Transverse 1

only representative for each material,

e b
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¢ in mho/cm.

Conductivity-Resistivity as Function of e'/e,

and Frequency

’ 2 4 5 6 7 8 9
101 10~ 103 10 10 - 10 10 10 10

Freauencv in Hertz

102 = 10-2 -
g
1 //1
//2/i///i///
B ” 4 ///
) ////i////i////i///// 1
" ./ v 74 ’/
» ////// .
10 Ry S S 10
> @//////
4 4,7’,\01\ 4 7 4 74
L6 S/ // NNt
1y74 74 ’ . 74 /)
/ AT >
f oz //§/ A :
1078 YAV BVl 10
W 7 Y
y’ 7Y S ¢ / QX/
10710 ////// | 1010
7 Ay
-12/ A/ s 1012
10 //////// -
7 74 4 rd
1o~ 14 /// 1014
10 ////
7 e"/e, = e'/egtand T
10716 / 1010
4 . )
o 0 11
lo 10. . 10

Resistivitv in mho/cm:
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Some Dielectric Data ¥
Dielectric T FREQUE|NCIZES IN[HERTZ
oc 102 | 103 | 104 105 | 106 | 107
e'/ed 5.90 | 5.90 | 5.90| 5.90 | 5.90 |5.90
25‘Tan6 <1 <1]| <1 < 2 <2 <2
Sodium Chloride -
- e'/ed 6.35 | 6.11 6.00| 5.98 | 5.98 | 5.98
85 . _ ,
Tand | 170 240 70 6 <2 | <2
1 o .
-12 F leg - - 4.80 | 4.15 | 3.70
Ice :
Fand: = - - 8000 |1200 180
Porcelain e /eq| 6.47 6.24 | 6.08| 5.98 | 5.87 | 5.82
25 : ,
wet process rans 280 180 - 130 105 %0 115
Porcelain 25 |e'/ed 5.50 | 5.36| 5.23 | 5.14 | 5.08 | 5.04
dry process : b
Tans | 220 140 105 85 75 70
Foam glass 23 '/ed 90 82.5°| 68 44 17.5 | 9
(Soda-Lime) - ans 1500 1600 | 2380 | 3200 | 3180 [ 1960 -
Fused Quartz e'/eq| 3.78 | 3.78 | 3.78 | 3.78 | 3.78 | 3.78
. 25
\ ' : Fang 8.5 7.5 6 - -4 2 1
Si09 - : : ‘
Alkali-Silica e'/e] 8.09 | 6.61| 6.00 | 5.80 | 5.66 |5.57
gliifsz,uaqo Tand | 3150 | 1370 | 450 | 240 199 126
- ' ' /e :
Mica,glass, 94 9 9.5 .9-2’ 9.2 9.1 9.0 9.0
Ti0) « fand | 170 | 125 | 76 | 42 26 2]
Mykroy Grade 38 |25 [ /€9 7.71 | 7.69 | 7.64 |'7.61 | 7.61 |7.61
(Mica,glass) Fand | 43 33 27 24 21 14
- E'/e v '
Sandy soil,gry 25 o 3.§2 2.91 | 2.75 | 2.65 | 2.59 |2.55
Fané .196 .08 N34 | non 017 | .06

' Valueé for Tans are multiplied by 10%.
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BEBEK, 1STANBUL
T FREQUENGIES
IN HERTZ
°c 102 103 | 10% [ 105 | 106 | 107
. 1 .
Sandy soil s e'fed 3.23 | 2.72]2.50 |2.50 | 2.50 | 2.50
2-18% moisture Tans | *64 -13 .056 . 030 025 | .025 | -
e'/e _
Napthalene 95 9 2.85|2.85 [2.85 | 2.85 | 2.85
_ffand | 19 1o 5 3 2
1] - .
Laminated fiberglads [ /69 14.2 9.8 (7.2 5.9 5.3 5.0
BK-174 24 Irans 12500 2600 | 1600 |880 460 - | 340
E'/eo| 2.7 2.7 2.7 |2.7 2
Amber 25 ' $2.65 1265
fand | 12.5 | 18 |31 43 56 68
Beeswax, white 23 F'/eo| 2.65 | 2.63 [2.56 |2.48 | 2.43 |2.41 §
rans | 140 118 {266 - [190 84 68
- A - I
Water.conductivity |25 . : 78.2 78
[and 4000 | 400 |46
Bakalife,plastics 25 E:'/‘3q4.87 chLT4 14,62 4,50 | 4.36 | 4.16
Bm 120 Dry Tané | 300 220 200 210 280 350
: :
Bakalite, 90% Rel. e'/eq7.4 | 5.4 Jaud - i
Humidity after 19 25 Tén6 320 190 110 - o -
davys
Bakalite, 90% Rel. e'/ej11.1 | 7.8 | 6.3 5.4 | 4.54 | -
Humidity after 18 [2° :
Months. and { 370 200 120 78 56 - <

Values are taken from: A. Von Hippel, Dielectric Materials and

Applications, Ihe M.I.T. Press, Massachusetts,

1961 .
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