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 briige, wihlch measures the high-frequency impedance of a e |

many years for a number of important spplications, and yet
nonlinear condensers have never been used commercially. In
fact the nonlinear dielectrics suitable for circuit applica~

111, @
TRACT
Nonlinear inductors and resistors heve been used for

tions have not been known. In recent years, however, certaln

high-dielectric-constant ceramics consisting of bari@m
titenate and mixtures of barium and strontium titanates f
have been developed, These ceramics are nonlinear ferro- )

electric dielectrics similar in many respects to Rochelle N
salt, They have a Curie point, corresronding to the teup- '
eratﬁre at which the dielectric cpnspant reaches a maximdﬁ

value, Below this temperature electrical hysteresis is as
found and above it the reciprocal of dielectric constant °.

increases linigrly with temperature,
it ‘
“\:;\ Wawhe: the nonlinear dielectric proper<

tles of barium titanate and barium-strontium titenate with .
special emphasis on those properties that are pertinent to

the design of nonlinear condensers for circuit applicétiohs.. ;
In order to carry the investiéation to the highést possible

e ms AR . i
field strengths, we—feund—%t necessary to use samples in the

form of thin sheets;e which-we-prepared., ”Zg nmeasuring
tci;cuip makes use of a General Rasdilo typ9791§¢k 1mpedance

sampig\céﬁdenser ¢ontzining the dielectric in question,

. .
°§o“, N -

L




iv.

In addition to the high frequency measuring voltage a
relatively large dglasingfzioitage is applied, which may
be d-¢ for the first type of measurement or low frequency
a~-c for the second type of measurement, The impedance of
the condenser is measured versus the d-c or instantaneous
value of a-¢ biasing:voltage. For measurements of the

second tyre, an oscilloscope is necessary as a bridge balance

s b e &

-

'indicator.’/i;;;;;;:geasured‘the dielectric constant versus
ApRO o 1y

field strength, temperature and frequencyh(’ﬁii results are
‘given in the figures included in this report,

The second type of measurement is necessary in order
. to predict the operation of a nonlinear condenser as a
modulator. We find that at temperatures above the Corie
point the results of this method egree well witﬁ measure-
ments by the first methed, but below tﬂis temperature the
two‘pethods give different results, especially with recspect
to loss. In fact the losses are so much greater when
measured by the second method than by the first method
at temperatures below the Curie point, that the usefulness
of these nohlinear dielectries for cireudt elements is _ *
. sexeze;xdrestricted in this ;ange. ’
At teﬁbetetures above the Curie point we find a
defioiteareletion between dielectric constant and biasing

hd -

voltdge, which we have expressed in the form of an equation.

_ This equation makes use of a new parsmeter, namely the - .
§
57 o -
| s
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critical field strength wnich reduces the dielectric
constant t~ half its initial value at low field strength,

The critical field strength increases*rapidly at
temperatures above the Curie point, Therefore, if the
dielectric is to be used at temperatures higher than the
Curie point, but not so high that the eritical field strength
exceeds the maximum allowable operating value, the useful
temperature range is thereby limited, We find that on
this basis the barium-strontium titanate has a useful
temperature range which is almost six times that of
Rochelle salt, Furthermore, the range of barium-strontium
titanate can be centered at any desired temperature by
adjusting the composition, Although both the critical
‘f1eld strength and the initial dielectric. constant change
very rapidly with temperature in the above operating range,
they can partially compensate for each other's changes so
that the dlelectric constant at a given fieid strength does
not change nearly so rapidly versus temperature,

In measuring the dielectric constant and loss versus
frequency we found a~surprising series of rescﬁance phe=
nomena which occurred only duriﬁg or after application of
a mocerately strong d-¢ field.. Upon application of a weaker
fleld of reversed polarity the resonances could be Merased®?,
The resonance frequencies were fbund to be relatively in-
dependent of field strength and temperature except that they
disappeared above che Curie point, The)resonence frequeccies

T A T L A A R cd eI
et e M KN \ sy B A IR - M
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vi.

were finally shown to correspond to the mechanlcal modes:
of vibration, a fact which proves the existence of a new
electrostriction or pilezoelectric phenomenon in barium
titanate.

We have considered several circuit applications,
wiilch seem feasible, using barium-strontium titanate as
a nonlinear dielectric, These include: Harmonie
generation, frequency control and modulation, amplitude
modulation and amplification, In addition, we have
worked out the detéils for the design of an original
phase-modulator circuit suitable for use in a frequency-
modulation transmitter, This method allows the direct
modulation of phase over a range of several cycles without

vacuum tubes, thus permitting a substantial simplification

in the circults now used.in frequency modulation transmitters,
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1. Outline of the Problem— ' o T Es T
For many years the noulinesr properties of ifeei .
- ~ have been lmown and utilized in communication: and powe*i . N

circuits, The principal applications ares ;eoitage T
- regulation and control,18 fraquanoy nultiplication,lr
modulation and amplifioation.1?29lon1ihear resistors, such
as copper-oxide and crystal rectifiers and thyrite have
likéiise been used successfully in some of the above

applications Ma.nd in new ones.l2 However, there has been
no conmercial application of nonlinear condensers, There
is no lack of uses to. which a noniinear condenser could be
put, but the required nonlinear dielectrics have not been
known,. '

_ Until recently the only materials known to have
significant noniinear dielectric properties were certain
plezoelectric ér&stale'kﬁown as 'Seisnette—electricsﬂ,,the
prototype of this class being Rochelle salt (sel de
Seignette). Roohelle salt is extremely interesting from
a theoretical point of view and 1ts. properties will be

: iconsidered in. greater detail Iater, " However the uaefulness
of Roehelle salt as a nonlinear eircuit element 14 strictly
1imited beqause the dielectric properties depend very '

critical],y upon temperature.42 Fnrthermore the. piezoelectric
nature of. Rochelle salt permits: mechanical resonances -to: be
’exeited whicn further limit the use- of thie material 1n
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high frequency circuits, |
sevcra} years .ago certain high-dielectric~constant |

ceranics consisting of barium titanate and mixtures of |

barium and strontium titanates were developed.~® Sinca

that tize thsre has been considerable effort d;rectéd

toward the study of these natorialé, especially in the ot

Laboratory for Insulation Research at M.I,T. under the s

direétion of Prof, A.R. von Hippel,®7s%% Many interest-

ing properties of these materials have been discovered

in this laboratofy including some nonlinear characteristics

which will be dpscribed below, -On the basls of these

results fhe author was encouraged to undertake a continu- ‘

ation of this research. The object of this work wa; to

investigate the applicability of barium titanate condensers

as nonlinear circuit elements, It was at first supposed

that aftér'sdme preliminary "routine® measurements, non-

linear condensers ¢could be designed and circuits demonstrated,

waevef, the results of the "routine® meagureménts were quite

‘upekpected and indicated that much more complicated phenomena

were involved fhansanticipated earlier, As a result of these S

- f4ndings it was decided to redirect the course of the work

stneséing;the fundamental dielectric properties of the - - B
materials rather than the circuit applications, Thus: instead
of ‘making only a few ®routine" measurements 1t has been o

nécessary to devote the entire program to a study -of the

nonlinear properties of these materials.

L ¥
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2. History of Barium Titanate as a Dielectric—

The earliest reference to the high dielectric constant
of barium titanate, that we know of, is found in a report
of the Titanium Alloy Mfg. Co., dated September, ].942.26
Subsequent work indicated that the dielectric constant of
barium titansate ani~ﬁi§tLros-of barium and strontium
titanates depends cn”tically on the temperature (but not
so much so as Rochelle salt) and has a sharp maximum with
a value of ! 5006~er more at a temperature uepending more
or less 11neanly -on- the percentage composition.29 For
pure bariii titanate the maxifium ‘dielectric constant
comes a%-abouz~;20°cg while for a mixture containing
25% strontium4£ anate, it accars at a temperatu;e of
about 37°C, The dielectric constants and lpss tangents
measured at low fleld strength for these materials are
shown in figs. 1 and 2.

The Leboratory for Insulation Research began an
active study of these materials at an early date and has

discovered many new and interesting properties.27’28 of

particular interest here are the nonlinear dielectric
properties.studied by various techniques, In one method
the ceramic condenser is allowed to charge at the specified
voltage for one second and then is dischirged through a
'ﬁallistic.gaivaqometer.“ The results'by this qethod‘fOr a
" ceramic containing 75% barium titanate and 25% strontium
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titanate are shown in fig, 3. The inlitial dielectric
constant, measured at low field strengths, is relatively
small but rises rapldly as the field increases up to about
0¢1 Mv/m. At st2ll higher field strengths the dielectric
constant diminishes indicating a saturation effect. These
measuréements also show that at higher field strengths the
maximum dielectric constant is shifted to lower temperatures.'
These conclusions are supported by bridge measurements at
high a-c voltages using a detector which is sensitive only

to the fundamentallfrequpncy.

‘The "ferrdeiectricﬂ nature of barium titanate, indicated
by the nonlinear dielectric properties described above, was
confirmed using the oscilloéraphic method of Sawyer and(waer.42
In this method the. horizontal deflection of tﬁe oscilloscope
is proportional to the electric fleld strength, while the
vertical defiection is proporiional to-the dielectric polar-
ization: A number'of hyStergsié diagrams obtained in this
way for barium titanate are shéwn in fig.'4: In these

 diagrams the electric field has the same pesk value of

8 Mv/m (4800 V/cm) and a frequency of 60 cycles per

\ second. 4n interesting result 1s obtained by plotting the
- slope oﬂ‘tnege hysteresis curves; measured at the intersectibn

with thé ver%iéal ax;s,'iersus temperature, This curve has a -

mgximum; as one wouid‘expect; 1§;tﬁé vieinity of -+l20°C9N
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-96°

+105* +20° +125°

Eia. 4. Polavizaltion Curves gsor BaTiOg
? | (von Hippel*®)




*The upper limits of these discontinuities are about +10°% -
‘and +120°C, X-ray powder diffraction data indicate a change . .

called "seccndary® -Curie points beeause thythave some qf<
ltransition ab the Curie point but.not all these properties.
‘points may be the temperatures at which thermal agitation _%

" overcomes the spontaneous polarization in ‘the directions - v

_of two of" the crystal coordinate axes respectively, while

8«

But it also has maxima at about +10°C and -90°C, at
which temperatures there are no corresponding maxima in £/£°
when £’ is measured at low field strengths,

Two discontinulties are likewise found in the thermal

expansion versus temperature in the range ~759¢ to +180°C,

¥

in the crystal lattice from pseudo-cubic into cubic above
120°¢, _ '

The maximum in the dielectric constant at +120°C is
identified as @ Curie point, The evidence for this'is,
first of all, the practical .disappearance of hysteresis
above this temperature, and secondly, the fact that above
this temperature the dielectric constant 1s given by the
Curle-Weiss 1;w.5°

£ T-Tc ‘ (@

- -~

where T is the absolute temperature and T, and C areé
constants. ‘The temperatures -r10°c and -90°C might bs

the aﬁomaieus properties cemﬁonly‘aSSOciated'with the

Vori Hippel has pohtulated that these two secandary curie




9

at the Curie point, +$+120°C the spontaneous polarization
in the third and remaining axis direction is finally over-
come, |
The fact that there is a ﬁronounced peak in the

dielectric constant at the Curie poigt but not at the
secondary Curie points for weak fields is-explained by
the fact that the only transition from an unpolarized
state to a Spontaneously polarized state occurs at the
Curie point, Above the secondary Curlie points the
material is already spontaneously pola;izeﬂ and energy
13';equ1réd to shift the ,polarization into a different
axis directipn. This energy is supplied By the external
electric field,

We are now beginning to receive reports of work doue
on barium titanate in other countries during the war. This
material is listed 4n the bibliography,or 2o and 30-83 incl.
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Samples in the form of thin sheets were chosen for

" this investigation for several reasons. It was clear from

the beginning that operation at very high field strengths

-would be required in order to take full advantage of the

nonlinear dielectric properties. On the other hand, the
applied voltages should not exceed several hundred volts if

the ceramic condensers are to be useful in oréinary electron-
-1c ¢ircuits, Furthermore the insulation of our bridge

circuit is limited to about 500 volts and thin a.clectric
samples generally have a greater brgakdown f1leld strength
than thick ones, 1if the electrodes have sharp edges.

cg:aﬁic condensers are no exception to this rule.27 As a

result of these considerations, we were led to “he use of

, thin samples which could be conveniently prepared in the

' form of sheets,

The, barius titanate sheets were made on the equipment.
and by the methods deseribed by von Hippel.28 The barium-

'strontium titanate sheets were made by similar methods but,

with simpler eqﬂipment walch we will describe later. The

' general grinciplgs of the method are as follows,

'x.mgth,a~nes;g(binder and, after proper de—airing,‘is extruded
\oh~a'flat basééplate'that has been;p;eviousiy ¢outed with a
) thin:fi;m~oﬂ\éfhyl~éél%ulose. The extruded sheet, when

‘Theﬁcéramic powder 1is suspendéd in a toluene "slip®

nearly dry, umay be readiiy str;ppéd from the base, cut in

SRS

”




the form of discs about 3" in diameter and fired in a
 ceramic kiln, If desired, the discs can be fired on a
sheet of platinum folil, in which case the ceramic fuses to
the platinum which can be used as one electrode, .After
additional silver electrodes are fired.on, the ceramic
condensers are ready for use,

The following formula is copied from von Hippel's

, report,28 with slight modifications.

' 1, Staybelite ifes:lh 30 g, Hercules Powder Co.
2. Abalyn " 30 % ® " n
3. Ethyl cellulose 6
4. Toluene 140 = (nitration grade)
5. V-495 resiu 2%  E.I. Du-Pont de Nemours
6, Diethyl oxalate 5* & Go
7. Barium titanate 790 ®*  Titanium moy nrg, GO,

* . Kiagara Falls
(75%8a/2586r) 105 750 gare .

In preparing a batch, the staybelite is melted and the
abalyn added. The ethyl cellulose is then mixed in, followed
" by half thc tolueme, This batch is stirred until solution 1s
cospléte, The V-495 and diethyl oxalate are added to the
remaining toluene and the two.portions combined, Finally the
éeramic powdor 13 added to the bot liquid with cmstan’c stir-
, -ring. . ‘ )
| , !o 1nstu°b complately homogeneous Lired amplea P the slip
1a ball-uzlled for at least twgnty-rour houra. After nilnng

“ K
I !




the slip is passed through a 325 mash screen. "The screened

slip is’ then evacuated at the vapor pressure -of toluene for

15 minutes in order to remove air bubbles, The formation of

gscum during this operation msy be prevented by slow stirring.
. The consistency of the slip obtainable by the procedure cut-

lined above is. of importance to the success of the extrusion
X operation. - , )

Before the sheets are extruded,a "parting layer® is
applied to.the base surface, This is a thin film of ethyl
cellulosé, applied as a 0.5% solution in.ethyl alcohol.
The solution.is either flowed on or painted on with a very

L4

~clean paint’brusﬁ; care being taken to obtain an even' coat.
The film is then air dried and 1s ready fer-fhe extrusion:
operation, . X

The extrusion machine used for the barium titanate |

sheets:has;an‘endleSS'stainleSSQSteel belt thirty‘feet
long and seven inehes wide. which passes. over roilers about

. twelve inches in diameter at opposite. euds of the uachine
and is driven at a speed of about 5 feet per minute, The
eeramic slip is extruded on 't6 the belt f7am a hopper having
an. open bottom five fnches wide and mounted above ‘thé belt
rear one end of the macnine.v The distance the hopper is
held*above the,belt determines ‘the thickness of the: extruded
1ayer and 13 accurately adjustab1e¢ ‘

. The- (Ba-Sr)TiOs .sheets: were extruded on glass platee

from & Ukshaped ‘yoke closed by 8 etraight knife blade, In

operation the yoke is placed flat on. the glass plate. and

-

-

o
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13.

- the knife blade 1s .adjusted with its edge slmost touching
the glass. The ceramic slip i1s poured into theiyoke and |
. the‘yéké is pulled{slowly across the glass plate leaving o
behlnd it a layer two inéhes wide which is extruded under
the knife blade;- This method was found more-satisfactory o
for making sheets. of the required thinness. g
The extruded sheet is stripped from the base surface
by means of a thin straight blade. If the sheet is thin,
it has to be stripped almost immediatel& after extruslon;
If it is allowed to become too dry, 1€ tends to stick; on
the othei_hand, if 1t 1s not dry enough it does not -have
fhé»necésgéry mechanical strength,
After being.stripped, the sheet is: laid flat and

allowed to dry same more. Whén/&ry;,it is cut lﬁto?&iscs.
"A % inch paper punch was found to pe«qui£e~weii sulted for

tnis operation.
Some. of the samples of bariun titanate were fired on
a flat surface -of powder of the same material, while other
samples wgre fired directly on platinum foil, At higher
temperatures, the qamples tend to fuse to the platinum
'which then: makes a very good electrode, The second
‘ electrode is a spot of. silver paint {du. Pont Pagte 4551)
applied to the: top surfaae with a ‘brush, For samples _
without platins electiodes on the bottou, the latter -
”‘.km.surface 18 covered with siiver paint ‘instead.. After the . '
silver paint 1s dry the samplés are refired at a. temparature

..«&"“‘
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of 600°C for % hour in order to burn on the silver

electrodes.

Table 1 shows the composition and firing conditionms

for the samples we have measured., These samples are shown

in fig. 5 arranged in numerical order starting in the upper
left hand corner, - The diameter of the circular pilece of

platinus foil under sample 16 1s } inch, which determines :
the scale of this figure,

Table 1 — Composition and Firing Conditions
Sample Composition Temp, .- Time Surface
No. - £ired on
4 BaTiO03 1300 3 hr, Powder
5 n n non n
9. oon 1350 4 1 Platinum
(not fused)
16 {75%B3T103; 1400 3w Platinum
25%81".“103 - .
18 BaTi0z 1500 a m "
23 - " - " nn "

N

- Thickness.
. inches

.0085
0077
.0080

0042

.0036.
*0041

et s




K

“"-"W""?"’RT‘" s

« s 4"
R

oo dred e

oy
\ Pt
g
.
“

P
L

coN

Flg. 5. Ceramic disc samples with painted silver

and platinum foil electrodes.

Fig. 6. Mounting arrangement showing connections to

impedance bridge,

15.




16,
11 ; TRC

1. Outline of Methods—
In attenpi:ing to evaluate the potential usefulness ’
of b‘ariug titanate as 8 nonlinear circuit element, we
have found the existing data inadequate., Most of 'th'e
circuit aprlications which we have to consider, especially
those involving modulation, have one thing in commen.  They
depend for tﬂeir operation on the variation in impedance of
the nonlinear element as a function of a *biasingi voltage.
The significance of the biesing voltage ~c:an best be
explained in reference to a hypothetical nonlinear con-
denser for which the charge Q 1s a given function of the
voltage \
Q = F(V) (111-1)
If the dielegtric is an isotropic medium, the charge must
be of the same magnitude and opposite in sign when the
voli;age iz reversed, thus Q must be an odd function of V,.
F(-V) = -r(V) . (111-2)
. ‘Ihe capacitance C at-a voltage V 1s deﬁned as the der:l.v-
at:lve of eq. III-1, “

= =rE o - (111-3)
§ince the derivitive of an odd function is an even function,
the: capacitance must be an even :hmetibn of voltage. The

- voltage V is called the biasing voltage and it may. be constant
(d-c) or & function of time (].ov trequency a-c)s The- same:
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‘and loss versus the phase of this a-¢ voltage. o ,:"

17.

considegations apply to the dielectric constant versus
biasing field strength in a nonlinear dielectric,
Mueller has measured the capacitance of nqnliﬁeer
Rochelle salt condensers in an a-¢ 'bridge while simul-
taneously applying a d-c biasing voltage.4° In this way
the dlelectric constant is determined versus biasing field
strength, This method is found to be satisfactory in -
predicting the -operation of the nonlinear condensers in - ,
circuip-applicatiqns»where the blas really is d-c.. Ebnever, %
in circuits where modulation is to be obtained by supeg-
imposing low frequency a—-¢ on the blasing voltagegfﬁhe

capacitance and loss as a furiction of time can ngt be.

correctly predicted from the méasurements withk d-c bias,

To obtain the necessary information we have;devgggévg@methbd
of applying a low frequency a-c biasing voiieééﬂznstéed of
(or in addition to) d-c, and of- measuring the capncitance

26 Déécripﬁien of Apparatus-—

The apparatus used for most of the méasurements at

frequencies from one tenth to th}ee megacycles consists of

‘a General Radio type 916-A impé@anee bridge with a type

7OQe§ beet-frequency 6sci11atpr_as a generator and a Dumont

_ ‘type 224:q§ei;lescope as .an ihg;eetor. A wide band ampiifier,

$hqwn‘1n~fig.'7i is used between thembridge.an& the 6scillo-'

-

. scope. 'The amplifier has a voltage gain of about 70, -At
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considegations‘apply to the dielectric constant versus
biasing field strength in a nonlinear dielectric,

Mueller has measured the capacitance of nonlinear
Rochelle salt condensers in an a-c ‘bridge while simul-
taneously applying a d-c oiasing voltage,i? In this way )
the dielectric constant.is determined versus blasing fie;d
strength, This mefhod is found to be satisfactory in
predicting the -operation of the nonlinear condensers in
circuip.apolicatioﬁslghere the blas really is d-c. However,
in circults where modulation is to be obtained by super-~
imposing low frequency a—c on the blasing voltage, the

_capacitance and loss as a fwiction of time can not be

‘ type 224 oscilloscope as.an 1ndicator. A wide band amplifier,

correctly predicted from the measurements with‘d-o'bias.

To obtain the necessary information we have devised a method
of applying a low frquency a-¢ blasing voltage instead of
(or in sddition to) d-¢c, and of measuring-the caracitance

and joss versus the phase of this a-¢ voltage,

2. Descriptioh of;Apparatﬁs~e

The apparatus used for most of the measurements at
freQuencies from one tenth to'thbeé megacycles consists of:‘
a General Radio type 916-A impedance bridge with a type

700,1 beat-frequency oscillator as s generator and a Dumont

shown in fig. 7 13 used ‘between the brioge and the oscillo-
scope. The amplifier has a voltage gain of about 70. At |
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higher frequencies than three megacycles a General Radio
. tybe 605-B signal generator and a Nationsgl tyﬁe HRO recelver
are used as generator and detector respeétiVely.'

The method of mounting thke sample is shown in fig. €.
The aaﬁple, not visible in’this,picture, is held in a spring
c¢lip which makés,contact with bothx electrodes and is sup-
ported By its lead wires, one of which connects to the
ceramic bushing in the center of the picture, and the other
to a ground terminal close by on thé vertical panel, The
_ ceramic sample 1is immersed in an 01l bath in ‘s cup about
two inches in diameter., The cup is supported by a colled
copper .tube soldered to 1t, through which a refrigerant
qan"be'circulated for cooling the oll bath,

The biasing voltage connects to the pin jack visible
6n the vertical panel and 1s by-passed to ground by a ,008"
nfd, pondéhser at this point, The Jack also conngpts’tﬂrough
a 30 mh, choke, visible behind the right end of the ceramic
bushing, to the terminal which the bushing supports.

The unbalance voltage from the briage after amplifica~
tion, is applied directly to the vertical deflection plates
of the oscilloscope, 1.e, without Aetection, so that the
fcatyédé ray beam is deflected at the measuring frequency.
‘The patférn on the screen of the oscilloscope thus takes
~the‘form.df a horizontal.&and,‘which is straight 1f d-c bias
is used oh the nonlinear condenser. When. the bridge is
brought inte balance, this band contracts to a stralght line,
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The use of %he oscilloscope as an indicator is - .
esreclally valuablé in measuring the capacitance when an a-¢
biésing voltage of low frequency compared to the égasuring e
freguency is used instead of d-c, In this case the sweep
pattern, when synchronized to the blasing voltage, dilates
during.those portions of the sweep cycle where. the capsacitance 5
of the specimen is poorly balanced im the bridge circuit -
Iand\contracts during those portioms where the capacitance is \
near the correct value for balance., If balance occurs at
any point'during tﬁe sweép cycle, then the: oscilloscope
patte;n closes at this point, Using this method it is
possible to measure the capaciﬁanée of the specimen versus
the instantaneous phase of the blasing voltage, o

It 1s interesting-to note thét in these tests the output
of the bridge reelly is an amplitude modulated wave, By
applying d-c in addition to a relatively small a~-c biasing
voltage and by alightly unbalancing the bridge, the envelope

Y
HESL

R e
o

3‘;{4;: o

of the output as seen on the oscilloscope can be made to
reproduce more or- less faithfully the low fréquency biasing
voltage. In this case the bridge circuit with the nonlinear

A
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condenser functions as a linear amplitude modulator. Not

/é‘?

--only can the operation of the nonlinear condenser as ‘an
amplitude modulator be ohserved directly on the oseilloscope,

4 - but. 1t can also be measured accurately by the method we have

R
gt
2

L+t devised, It is to be stressed that. we have undertaken to
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méasuré the 'fundamental properties of the dielectric which
pertain to its use in any modulator circuit, But if one
seeks in our work an experimental demonstration of an
amplitude modulator circuit, one hes to look no further than
our measuring apparatus,

The dielectric constant of barium titanate is very
sengitive to temperature., Consequently, we have to make
messurements both above and below room temperature and we
have to be able to hold the texperature constent over a
period of time, B _

To ralse the temperature above rocm temperature we
use a suall electric heater below the oil bath and to

‘ reduce the temperature below room temperature we pump
some bﬂtyl aicohol first through a colled copper tube in
a dry ice bath and then through the copper tube around
the oil bath holding the sample. The dry ice bath |
consists of a mixture of dry ice and butyl alcohol in a
gallon siz® thermos jar. The coiled copper tube in.the
dry ice bath,coﬁsiqts of two lergths if % inch diameter
copper tubing about ten feet long connected in parallel
and wound ir the form of a coil, The pump is a small
‘centrifugal circulating pump, The pump, dry ice bath and
oil bath are connected by rubber tubing which is insulated
with hair felt, An adjustable thermostat (Fenwal) mounted
in the cover (ﬁot sﬁbwn) of the rectangular box shown in
fié;.G 1s used to control the heater or the circulating L.
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pump, Some difficulty is encountered in controliing

the bath at temperatures glightly below ambient, In-
this case the heater is turned on continuously, the

flow of refrigerant 1s throttled down to a trickle and
the pump is operated only intermittently by means of a
switch which is connected in series with the thermos;gt
and turns thé ﬁbﬁer on for about two se;onds during a

- cycle of about eight seconds., With these precautioﬁs,
the temperature can be controlled automatically to within
41 degree at any temperature from 50 to +135°C.

3, Determination of Dielectric Constant and Loss—

The fundamental properties of the dielectric, namely
the dielectric constant and loss, are to be determined from
impedance measurements of a sample condenser, If the
condenser has a capacjtance C, its impedance Z at a -

frequency w/2mr 1is normally written

1 - (111-4)

The fact that Z 1s not a pure reactance can be attributed

to a complex value of the capacitance.

C = C' -jcr o .

or

F=JwC = wen + Jwer | (111-5)
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wcen is thus equivalent to the conductance of the condenser
and 1s restonsible for its loss,

The compléx capacitance of the condenser depends on
the cémplex permittivity g% -of the dielectric material which
it contains, ’

g* .
. c= E¢, (I11-6)

[-}
where Co is called the vacuum capacitance and. &, 1s the
permittivity of free space., If &£¥=g'-3¢&” , . the
relation between £* and C may be written

! "
£.¢ 5 £ - (I11-7)
Eo Co &4 Co

[} . . N [
E/g, is normally called the dielectric constant and E_/S.
is called the loss factor, The ratio of £” to &’ is
called the locss tangent,

" “The vacuum capacitance Cp 1s determined by the’
electrode configuration and the permittivity of free space.
For parallel plane electrodes ‘o.f area_A and separation d,

the vacuum capacitance is
_ . T11-8
cO = &, % (111 )

The vacuum capacitance can .be determined either from

measurements of the area of the electrodes and fhickness of
the dielectris (eq. III-8) or from the capacitance C' and ,
the dielectric constant 5%‘, (eq. III-7) if the latter is

, known,
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The- thickness is measured by means of a dial
ipdicator gage before the silver electrodes are applied.
The diameter of the spot of silver paint is measured in
Several directions and averaged. An edge correction is
necessary in order to find the effective area in eq, III-8.
Since we did not find an appropriate formula for high-
dielectric-~constant matérials, we have derived such a
formula by a simple Schwarz-Christoffel transformation in
Appendix A,

Our measurements bf‘area are relatively inaccurate,
while the caracitance can be measured with good accuracy.
Taerefore, values of 875 o &re determined initially

" Por different samples of the same material by substituting

eq. III-8 in eq. III-7.

€l otd -
€ _ I1-9
& S EX (111-9)

The values of C, are finally determined from the measured

X }
~values of C!' by substituting the average of, 5720 in

eq;ﬁIII-?. The values of C, so obtained are at least
congiétenf with?the measured values of capacitance,

In interpreting the results of the bridge measure-
ments, .onc has to be careful to make all the necessary
corrections fér stray capacitance and inductance in the
‘laéd.!ifes and the choke coil, The stray capacitances

. .and. admittance of the choke coil are effectively in baral—

';91 with the sample and can be measured all at onge~6y
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opening the syring contact on. the sample holder. The
‘ inductance and resistance of the lead wiréé can be measured
“by short circuiting the spring contact and amount to 0.1'fj4ﬂﬁ
-5&y#& ohms at a frequency of 10 megacycles. At 25 megacycles
the series inductance is practically in resonance with the

capacitance of the ‘sample, making the accuracy very poor at

-
.
and above this frequency,. ) >
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IV, FXPERTMENTAL RESULTS

4

1. ‘Dielechnic Constant and Loss Versus Field Strength—— °
We have measured the dlelectric constant and loss at
room temperature versus d-c ﬁnd a-¢c fleld strength fbr
barium titanate and for the mixture of barium and strontium
titanates. The room temperature is below the Curie point.
for the barium titanate-and above the Curie point for the
mixture., As a result the dielectric properties versus
field strength are quite different fog the two materials,
Fig. 8 shows the variation of e'/g . that is typical
of barium titanate at ordinmary temperétures with d-c.bias.
The field strength is expressed in megavolts per meter,
This figure shows the values of dielectric constant at a’
frequency of 400 Ke for both increasing and decressing
fields, The fact that there is a differencs is an indication
of hysteresis, but there is not nearly as much difference
here as that shown for Rochelle salt in fig. 35, The loss
factor under the seme conditions is shown in fig, 9 in wh'ich~
the effects of hysteresis are more noticeable, but still_the
loss tangent is quite small--less than three percent. ’
Fig. 10 shows the corresponding field strength dependence
of,£7£ s ata 'frequency of 10 Mc, At this frequency the
value of %;2., varies much more rapidly as a function of o

field.strenétp and there is more indication qf'hysﬁeresisi
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than at 400 Ke, The loss facﬁor under these conditions
is shown in fig, 11 which indicates a very strang hysteresis-
effect. The intergsection of the return curve at 400 on the
vertical axis indicates a rather.high remanent polarizationm,
and the distance of the minimum to the left 1ndica£es a
coercive field strength of about 0,5 Mv/m . This véiue may
be subject to a rather large error because therurve is
drawn with so few experimental points, In‘fig. 9 the cor-
respondiné value for the coercive field streﬁgth is 0.8 M&ﬁm;
The variation of £'/§.( with 60 cycle a<c bias is
indicated 1n fig, 12, Here 5'/5 . 1s plotted versus phase
of the a-c blasing voltage, The same data are plotted in
fig. 13 versus field strength, The latter figure shows
~substantially more hysteresis thaii does fig. 9. However
the ibSt striking difference between the resuits with d-g
blas and with a-c bias is indicated in fig. 14, wiich shows
the loss factor versus 60 cycle fﬁ@l@ strength, This figure
shows that with 60 cycle bias voltage the loss rises to

vaiges more than ten times the highest values with d-c bilas,

This is not at all what one would expsct and it is very
important because it indicates that barium titanste is
practically useless at normal temperatures for many of the

applicatianékwe have in mind for‘g'nbniinearvcondqnser.

This was a very disappointing discovery, but fortwiately the

investigation was not dropped &t this point:
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5.

As we have shown, the dielectric constant depends not
only on the value of the d-¢ field strength, but also on
its past history. ‘In making a series of measurements it
is sometimes very awkward to have to put the condenser
through a prescribed cycle of voltages before each measure-
ment, The situation 1is further complicated by a‘slow
drift of the dlelectric constant following application of
any fixed voltage. For these reasons we greatly prefer
to make measurements exclusively with an a-c biasing
voltage., Accordingly we have adopted a method of measuring
‘éhe dielectric constant and loss factor at tbe peak of the
60 cycle biasing voltage., If the values are different at
the positive and negative peaks, as they are in figs. 13
and 14, then the two values are averagead. The results of
such a series of measureﬁents are Qhown in fligs. 15 and
\16, giving the dielectric constant and loss factor respect-
ively. Each point on these curves correspcnds to a different

.amplitude of the a-c¢ biasing voltage.

So far we have measured the dlelectric constant -of
barium titanate versug fleld strength by three different
methods and each method glves g different result, as can
be seen by .comparing figs., 8, 13 and 15, The principal
differences occur at low field strengths, however, and aré )
not so important at the high field strengths. -

In the case of the mixture of 75% barium titanate and
25¢ strontiun titanate, the situation 1s quite different.
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The dlelectric constant versus d-¢ field strength is shown
in £ig. 17, It turns out that the same curve 1s obtained
by a=-¢c measurements and there is no evidence of hysteresis,
The corresponding loss is quite small even with a-c¢ biag,
The explanation of these phenomena 1s that in the case of
barium titanate we are operating at a temperature below the
Curie point, while in the case of the mixture we are operating
at a temperature above the Curie point. This explanation
_receives further confirmation in the measurements of dielectric
properties versus temperature, - '

The results obtained for the mixture of bérium and
strontium titanates indicate that above the Curie point
the dielectric constant 1s a definite function of the biasing
field ‘strength. Therefore we are enéourager‘- to look for a
theoretical explanation for the nature of this function.
Qur derivation 13 based on a simple relation between electric
displacement D and field strength E. |

E= «D+ @0° (Iv-1)

where & and @ are constant at a given temperature, The
derivation of the resulting equation. for E versus §&
(€ = ap/dE = £%=" g/ ) is given in Appendix B,
E 13 ‘(5 ' ) ‘
= V& _ =t 4 2 (Iv-2)
E, 4~ \E .




39,

81 31INVS W/AN HION3MLS Q13id 2=-a ‘Ll 98 9Old
G2 02 1. o'l *10) oo
ﬂ 000
~J : 003
N 1000¢
000b
0@&
J000s
svi8 9-0 HLIM ,
9N 00t 1V Q3YNSY3aN 2 .
0.G2 __ FO\L (+S-eg)

< .
'
e e e o e e i Sopmn - i vttt o e b
v
'




L]

40,

where |
g =5

E, = 4(—-—-)

EqQ. IV-2 i3 plotted in fig, 18, If this figure is
compared with the experimental curve of fig, 17, it is

/é

seen that the experimental values for barium-strontium
titanate are given with good asccuracy by eq. IV-2 putting
€6, = 5130.amd B, = 0.77 Mv/m . It is important

to note that eq., IV-2 involves only these two parameters,
the permittivity &, at low field strengths and the field
strength E, which reduces §¢ to one haif its initial value
€. This fact greatly simplifies the work involved in
measuriné the nonlinear dielectric properties as a function
of temperature, etec. Instead of having to measure many
points to determine a curve of £ versus field strength,
only two points are required to establish the two parameters
which describe the entire curve, ]

At temperatures below the Curie point, where hysteresis
is encountered, the situation is not so simple, as our
measurements have shown, Considerable divergence in £' is
possible at a givem value of field stremgth, However even in
this case it 1s instructive to determine the field strength
B at which .8. is reduced to half its initial value. It is
. .also :l.mportant to obtain some measure of the phenomenon ,
dndicated in £ig. 14, This 1s done by averaging the maximum
values of £”/ o and sub tracting the value of &) [

L T o \
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obtained with the blag voltage turned off, The peak value
of the a-c field strength for this measurement is adjusted
to the value E,, The parameter measured in this way is
'designa.ted by the symbol 4% .

-]

2. 8onlinear Dielectric Properties Versus Temperature--

As one would expect, the dielectric constant and loss
as functions of temperature are very similar to the data
given in figs.,l and 2, with the exceptions that the high
losses at -20°C in fig. 1 disappear and the Curie point for
the mixture comes at a lower temperature than that in fig. 2.
The data that are of particular interest are the nonlinear

parameters E, and AE‘/ . The results for barium titanate
are of theoretical 1nterest because they show anomalies at
the secondary Curie point similar in some respects fo those
at the Curie point. The results for barium-strontium
titanate are of practical interest because we find this
material is preferable for use in ‘nonlinear condensers.

Fig. 19 shows the dielectric constant and loss factor
of barium titanate at low field sérengths versus temperature .
from our measursments at 400 Kec, These.curves can-be compared
*with fig. 1, which shows the corresponding results at' a - l
frequency of 1 Ke. The Curie point is determined by the
peak in the e/é" curve, which becurs at about +117°C.
The nonlinear chgracteristics\of\barium titanate are-

represented by. E,, shoiWn versus temperature innfig.;zd,.
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] - ‘
B, 1s the field strength required to reduce & to one half

its initial value, These results aré based on measurements

with a-¢c bies. It is interesting to note the minimum which

occurs at the Curie point and a second minimum occurring at

10°C, which corresponds to a secondary Curle point, Fig. 21

shows the increase in loss factor measuring- the phenomernion

shown in fig, 14, Values of A&y o are plotted versus

temperature. One notlces the rapid disappearance of this

phenomenon above the Curie point. The sgdden rise at the
".secondary Curle point, 109C, is also very striking, The

high losses were maintained at lower temperatures than 0°C

but the: maximum rield strength was less than E, for these

temperatures.

Fig. 22 'shows the dielectric constant and loss factor

at low fleld strengths versus temperature for the mixture

754 barium and 25% strontium titanate. The curve for s/lg‘

indicates that the Curie point is 17°C, There is a dis~

crepaney of 20°C between. this value and‘the value indicated

in fig. 2 for material of presumably the same composition,

It is poesible that there may have been enough actual dif- |

ference in the composition of thesefﬁateriels.to account for'

this, Filg. 23 shows the reclprocal of the dielectric constant

versus temperature. This figure shows agreement‘with the Curle~

Wélss laws, both above and below the Curle point, as indicated ‘
{ * ' by the straight lines which have the correct relative slopes _
according to the theory derived 1n the next chapter. Fig. 24

-

e S ST o 2 < e d ———— - -
R, —— Y w‘wg-. s v o N oy LT e by 7Ty

oW & i - #
- R ] o . - N

\.
.
N3

g
s

& Py
F )
b A
b

[ A S o . . . N : TR ot
p N > 4 ' N ~ - are i o ot
IRV . T P NTX S WAL SRR . Sv T oR A BELNY SR EL R ;M;L_;L;M
et

A e

e



44.

o

81 31dNVS

JQVHOLLN3D S33493d
0S :

oz @394

0S5~

0) OO 1V
SLN3IN3HNSVIN WONA
4IVH A9 ,3 30na3d
OL HION3NIS a13id

€olieg

. :
g
R R S

-

kY




, g5 I1ARYS IQVMOILNID S33u930 ‘1z 08 914
9 , ost . . OOl Q8 o
\J - . 70
~ it
00t

N LT

| (SIS3YILSAH 40 NOLIVOIGND

°3 2NTWA V3d ONIAVH Q113
~Q09 0L 3nd svid O¥3Z

1V 4O10V4 SSOT NI 3SV3HONI
MO0 IV Q3UNSVYIN £olLes




P A

v L n T Dt GG SRR TR M Sy o
AU A o iioe v

$1 31dNYS JAVHOILNID S334O3C ‘zZ 4@ 914
ool 05 9 C
OHO000!
b 4
o,w.\w.
02
J/ow\
3
i
on
%
OO0t
o@\-w X
e&w o _ 05-+000S
Svig 043z
oM OOt LV AI¥NSV3IN 3.3
£011 (45 -eg)
0910009




4 3.

o1 314NVS JAVHOILNTO S33M93A ‘cr 2801
00K 0 0 05-
e \ ~ =
\/
X
/7 \

. O00P IV Ol
SINIW3MNSYIN NOM4
SAW SSI3M-3HND
40 NOLLYIWNMIINOD
€011 (s -eg) -

QT I

T AT e e ot




91 INdNVS
88,

49.

FY'S

®

"0 O0P LV
SININIHNSVIN WOuUd
41VH A9 3 30NA3Y
OL HION3MLS a13ld

£0lL (45-%@)

ol

ol

/\k

o3

. .
.
T A e N T PO YA G Y R B i




50. 4
shows the field strength E,, which is required to reduce & ‘
to nalf its initial value, versus temperature. It 1s noted
that the minimum, occurs at a lower vaitue and is broader than
for pure barium titanate., A Curie-Welss law, derived in
Appendix B, is valid for Eo above the Curie point. To check
this we have showm E&yé versus temperature in fig, 25, The
fact that the experimental data fall on a straight line above 4
the Curie point indicates that the coefficient B in eq. IV-1
is a constant independent of temperature, Fig. 26 shows the

increase in loss factor of the barium and strontium titanate
‘mixture resulting from a-c blas, and indicates, as one would

expect, that this phenomenon disappears above the Curie point,

3. Dielectric Constant and Loss Versus Frequency——
One of the most surprising results of our investigation

"was the extreme varlation in dielectric constant and loss
which we found in our samples of barium titanate as a function
of frequency, Fig. 27, for example, shows the real component
of capaqitance of one of oufysamples versus freduency, while fig.
28 shows the corresponding imaginary or loss component of
capacitance, The loss component is perhaps more instructive

because it shows a peak corresponding to each resonance fre-
| quency. The situation is even more complicated than thése
figures indicéte, however, because woat appears in the figures
as a simple résonance, for exaumple at 500 Kb, is really a
complex pattern with much finer detail than we have attempted
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tojmaésurea The above results were obtalned with sample
no. 4 waich had a pailnted silver electrode on the back.
Tests at different fleld strengths 1ndicate that the
reééﬁéﬁce frequencies do hot shift noticeably with field
strength. |

we found that these resonances could be observed only
if tpe dielectric is polarized. In the absence of an

electric field or any remanent polarization, the effect

-disappears completely., The variation of loss factor as a

function of d-c field strength at one of the rezonance
fregquencies is shown in fig, 11, which we have alresady
diécussed. This figure shows that the loss due te the

remanent polarization, with no external field applied, can:

- be very pronounced, As a matter of fact, the loss at a

respnaﬁce frequency can be :sed as a very sensitive indica~
tion of remanent polarization,

The next step was to. study the effect of temperaturé,
on this resomance pheénomenon, Fof‘this tésﬁ*sample no. 18 -
with & platinum foil electrode was used, The results gre~
shown in £ig, 29, The highest temperatuée used for. this

 test had to be below the Curie point of barium titanate,

The. conductivity and possibility of breakdown at high temp-

'~erature made it 1mpossible to apply the high field strength

for any length of time at higher temperatures. The. reso-

Pnances indicated in fiza '29.are all’ much more feeble than .

fthosa in fig. 28. The resonance frequsncies did not seem to
? chanza noticeably with- temperauure. _
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The results of a corresponding test of the barium-
strontium titanate ave shown in fig, 30, Here it was pos—
sible 4o make measurements at and abeve the Curie point,
These measurements Indicate that the resomance-phenomena
disappear above this point, Otherwise the results are not
essentially different than those for bariuwm titanate,

From the fact that the resonances are all so much
more feeble 'for samples with the platinum foll electrodes,
it was surmised that ‘the resonances might be of a mechanical
nature involving the whole sample in a natural vibratiomal

mode and that the platinum might act as a damper which would

reduce the Q of the:mechanicél resonator, The vibrations
were -assumed to be of a type having the direction of mgtibn
parallel to the flat surface of the disc, The resonance =
frequencies -for zibr;tions~of this type depend‘on;y'pn the
radius of the disc, not on its thickness—-which explains why
we have observed rescnances at about the -same fréquepéies“

. for samples of different thickness., To check this interpret-

ation we‘performed.the following expérimeht’proposbd by

R.L. Kyhl. SN

We measured the loss component of capacitance versus

frequency of sample no, 9, which was briginélly of the same °

diameter as samples no. 4 and 5, The result of this test is

shown in-the top curve of fig, 31. Then we chipped pieces

of ceraiic away from the edge, thereby reducing the diameter

- ae

without affecting in any way the part of the ceramic between
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e e e am < =

the electrodes, The loss component of sample no, 9 after
chipping is shown by the lower curve of fig, 31, These curves
indicate that the resonance frequencles have definitely changed

T ngbon

as a result of chipping and that the resonance frequencles are

roughly: inversely proportional to the dﬁameter. (The diameter o

has been measured with rather poor accuracy). R .
A further confimation of the theory is obtained fgom 2 |

calculation of the matural frequencies of vibration of a .

circular plate. The ratio of the characteristic frequencies

agrees very well with: our expériment. The detalls of this

calculation ave given ii Appendix €, whisk also shows that

a reasonable value for Young's modulus can be derived from

the experimental values. of resomant frequency.

4, D-C Conductivity and B*eak&&ﬁh‘strengﬁh~a

The d-¢' cotiductivity and breakdovn strength are additional
factors which determine the usefilness of these dielectrics in
circuit applications, We have had some @ifficulty in obtaining
.rellable data on those properties because very gradual changes 3
over a period of time are. involved, If a:hiéﬁgiield,gtyength‘
1s applied continuously the resulting current, which 18 small
to start with, apparently causes a steady deteriorvatiok in .
the dielectric so that the current. increases with time. ‘This
1s accompanied by & darkening of the dieleotrie, visible .
around the edge of ‘the electrode, For example, saiple no, 16
of barium-strontium titanate (thickneoa 0.0QQT?QN?, otrective :

e ——————
T —————T
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area .052 cm.g) wag subjected to a field strength of

4 Mv/m at a temperature 50°C for a period of four days.
Starting from an initlal value of about 0.5 pa, the cur-
rent increased at a more or less constant rate of about

5 Fa per day. After remaining with the voltage turned off
for & week at room temperature (25 to 30°C) the sample was
again heated to + 50°C and the same fie@d reapplied. The
current was then only 11 pa, indicating that the deteriora<"
tion 1s not entirely permanent, This sample had previously
been ab;g to withstand field strengths up te 5 Mv/m at a
temperature of 120°C for short periods of time.

A similar test on barium titamate, sample no. 5
(thicimess ,0196 cm., effective area .104 cm,”) at a field
strength 2,5 Mv/m and a temperature 25°C indicated that the
' current reached & saturation value of about 0.1 pa faking
about 8 hours to reach 704 of this value,

The breakdown strength of barium titanate 1s quotéd at
from 4 to 16 Mv/m and a maximum operating field strength of
8 Mv/m has been proposed.<C Since the real danger from
operation at high field strength is not so much a sudden
breakdown as a slow deterioration, we are inclined to feel
that’the latter figure should be reQised downward, We pro-
pdée’a maximum of 2,5 Mv/m for continuous operation and
4 Mv/m for the maximum 1nst§htgnebus field strength. It
_ would require life tests for a considerably longer period
- than we have attempted, however, to make sure that even

. -

-
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« these proposed values of maximum field strength would be .
2
acceptable for engineering applications. :
We have measured the conductivity of barium titanate at %

relatively weak fields allowing some time for the current to
reach an equilibriwm value in each case, The results are . -

shown in fi‘o H
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¥, THEORY OF FERROELECTRIC DIFLECTRICS

1. Introduction—

Until recently the only materials known to have
significant n&nlinear dielsectric properties were certain
plezoelectric crystals known as "Seignette-electrics",
the prototype of this class being Rochelle salt (sel de
Seignette),ss(p'7) These orystals are "ferroelectric? at
certain temperatures in that the D ‘versus z'charécterist108<
show hysteresis liks the B versus H characteristics of iron.
The titanate ceramics which we have studled are likewise
ferroelectric, as we have alre;ay indicated, Therefors the
significance of the rssults of our measurements can be
fully appreciated only in comparison with the corresponding
properties of Rochelle sait. Since Rochelle salt has been
studied in greater detail, it is believed worth whiie to
Sumyarize at this point some of its pertinent dielectric
properties, and §o-discuss some of the theories apﬁlicable
to ferroelectric materials in general,

2 Some Dielectric Propentigs of Rochelle Salt—-‘
Rochelle salt is characterized by an électric axis

(qormally designatedkphe’xaaiis) in which direction

anomalous dielectric‘properfies are observed;ss(p'slo)

The dielégtric'constant in this directlon varies enormously

with témberéture, field strength and strain, The dielectric

constant: of the free crystal at low field strengths’ is.shown

versus fhhperatpre in fig. 33,41 At temperatures between

LNy
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Pemanent polarization Ps, coercive force E. and dielectric constant for small
Belds of Rochelle salt in'ths ferroalectzic temperature range.

Fig.33. (Muellcr‘“)

Polarization curves of Rochelle salt.  Upper row: for temperatures abosve the
upper Curle point, Jower row: Hystereshs loops for temperatuees between the Carie points,

Fig.34. . (Mueller?)
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-18°C and +23.7°C the dielectric constant of the freé

erystal in the frequency range 50 - 10,000 cycles/sec has

Rt

a minimum of about 200, and rises at these limiting temp- | P
eratures to very high values ( > 1400), Between these ) ! E
temperatures Rochelle. salt 1is ferroelectric, as evidenced ; z
by %he hysteresis diagrams shown in the lower row in fig. 34, _ “ )
These diagrams were obtained by l(uo:l.ler41 by the method of -t |
Sawyer and 'Iower."'2 ‘ , : ‘
Fig. 35 shows a typical result in this range of temp- v
eiatizre for the capacitance measured in an a-c bridge versus
bias. This figure indicates hysteresis in that a different . §i
value of capacitance is measured at the same value of d-c 1
voltage depending on whether the voltage is increasing or
decreasing, The curves on the right side of the figure are
apparently traversed in a clockwise direction and vise-versa
on the other side, ) ' :
At temperatures just below -18°C and just above ¢ 23.7°C
the dielectric constant can be expressed by Girie-Neiss lawsu
which are analogous to the correiyomiinz hf for the para- ’
magnetic :susceptibility of um.“ As a resuit’ of this analogy
these temperatnrcs are ¢illed Curie points, 4s an example,
‘the Curie-Welss law .for the dlelectric sonstant at low field o

strengths in the temperature ranze 24 to 32 C 1s

*
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" shown in the upper row of oscillograms in fig, 34. It 1s
the relatian of D vs. E i3 nevertheless still nonlinear.

‘measuring the incremental dlelectric cunstant in an a-c.
bridge with a d-c biasing voltage 1s especially useful and

A4w1th\the values predicted theoretically. The fornula between

- by l&ellcf"ﬁs;

Bt = u ) + M | S (v-9)
‘where e ‘
. 2TECD)
) &€&
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and from 32°C vo 50°C this equation is valld with slightly
different constants,
C = 1710°§-
. To = 298,4°K (25.8°C)
a similar law 1s valld Just below -18°¢,
It is to be notéd that the values of To are slightly
different £rom the temperature (23.7°C) at which the dieleciric

constant reaches 1ts maximum value, The value of To is genei-
ally called the Curie temperature., (to be distinguished here
from the Curie ®points® 25,7°C and -18°C).

Above the upper Curie point (23,7°C) the hysteresis -
disappears, or in other words the D vs, E characteristic
follows the same curve ascending andAd;sceﬁding. Thiq is

importaut to recognize that although hysteresis disappears.

In this range of temperdture, Insller's technique of

gives reproducible results which :show accurate agreement

field strength, dielectriéwconstant and temperature depived




in a direction either parallel or antiparallel to the X-ax:ls.

68,

& T permittivity at weak fields

£ = permittivity at field strength E
t = temperature Centigrade

t. = Curie. temperature (£3.0°C)

M = 13,5

N = 800

(c.g.s., electrostatic units used in this equation)

The excellent agreement between this formula a.nd the
experimental results is ghown in fig. 26. _

Eq. V-2 is consistent with our eq. IV-R, which may be
derived from it, However, Mueller's equation involves the
Curie-Welss law, which is not a necessary condition in the
derivation of eq. IV-2, Furthermore, it is not immediately

obvious from Mueller's equation that only two parameters are
involved, ‘

3. Domain Theory— ,

It is intereting to rote that eqi V-l would give
n_egat:lve values of & j 1f extrapolated below the Curie point,
}iowever, ‘a.neg_ative value of the static.dielectric constant is
never found in nature becatse such a dielectric would be
inherently unstable, For example, an R-C circult, with a
condensér co: taining such a dielectrie, would have transients
with a positive exponential, Thus, instead of being in the
unstable unpolarized state at temperatures below-the Curie
point, a Rochelle salt crystal 1s made.up of a number of l
distinct domains each of which is spontaneously polarized

The domain structure of Rochelle salt 1s well supported
by experimental evidence., For exauple, by sprinkling

“~
-

- &

Eodoar BN




Burker's powder 2% on the surface <f & heated crystsi tHe
oppositely charged régipns géorresponding f’bo; the dcma‘ix-xs o
become evident, From a study of the dust pat't‘gsrns\,; the .

size and shape of the dodiains can be ascertained. The, - “i .
domains tend to be in the form of laiminae from 1 ‘to ’&‘Iikiﬁsa;
thick in the Y direction.and 1 cm. or more in 'extént i,éranéjz,; B

to X and Z. 55(p.707) Different tests -on the same 3pecimen -

give essent:lally the same pattern. ?urthermore there is an
electrical Barkhausen effect,“o indicating diseantinuous
Jumps in the process of polarization as the field is

gradually increased.

The -domain theory 1s useful in interpret:lng hysteresis
and remanence.l If the polirized domains are oriented in a
rs_.nciom fashion, they tend to nsutrali_.ze each other and no -
net polarization 1s observed eiterﬁnally. If; however, the
domains are made to poi:nt in the same direction by applying
an electric 'field,l' then when the field is removed-the

domains do not completely neéutralize each other and a

" permanent state of electrification remsins which is demonstr-

#ble as hysteresis or remanence.

¢

4. Extrapolation of the curie-Weiss I.aw Below the Upper
i Curie Point—

The nonlinear d:lelectric phenouena 1n the temperature
range above the upper Curie point as stated in Mueller!'s

eq. v-z and contirmed by experiment can be derived, as ws

v <*;‘H/»/// ;

e

"!
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shall show in Appendix B, from a relatively simple relation
between the electric displacement D and the field strength E.
E= XD+ @D

where

@ = constant

Eq. V-3 can be extrapolated slightly below the Curie point to

determine values of the permittivity of a single domsin, but

it should be emphasized that the results so obtained do not
necessgriiy agree accurately with observed values for an
aggregate of domains, If T < T, then o 1is negative and the
conditioh D = 0 is unstable,as we have indicated, However,
there are now two other stable solutions for D when E = O,

These are
D=l — . (v-4)

These soliitions correspond to the spontaneors polarizatién

with its direction either ﬁgrallél or Qntiparallel to the

" X-axis. The reciprocal of the dielectric constant is

i_ aB_ 3@6D°
g=gp=xt e (v-5)

and on substituting the above value of D one obtains

, ol 3\7*’ i 7',4"5:*2 AL T T o T
v 4 AN ,a',,\». TNl TE, ey, PN v . 1 & .

N ' oy oc vt Ry RS . 4 e R .
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nr (v-8)

-1 $s ¢
& T HT ST

Eq. V-6 thus expresses the Curie-Welss law,yalig for
temperatures slightly below the.Curie poirt. This law 1s
canfirmed experimenfai§y=%n the case of Rochelle salt and
the value of C iqﬁthe same as immediately above the Curie
roint. 40 H°'eYEfLJ§he Curie temperatura Te in this case is

about 24.8°C as_ coﬁ“arnd te: £3.0% above the Curie point.
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VI, CONCLUSTONS AND PROPOSED APPLICATION

1, General Conclusions—

We noﬁ consider the question of the suitablility of
barium titanate and barium-strontium titanate as nonlinear
dielectrics for circuit applications, We have seen that
barium titanate has two rather serious disadvantages at
normal temperatures, In the first pla.ce‘3 the losses are
momentarily excessively high during part of the cycle.of
a low frequency biasing or nodulating voltage, Secondly;
the mechanical resonances cause severe fluctuatidns of
the dielectric properties as a function of frequency.

On the other hand, the dielectric constant is reiatively
constant over a wide range of temperature,

In the case of barium-strontium titanate these dif-
ficulties can be avoided by adjusting the composition so

~ that the Curie:point comes Just beldw room temperature,
Operation at a tempcrature Just above the Curie point has.

" the additionai advantage that hysteresis is not found in
this*rénge of temperature. However, the initial dielectric
constant and the field strength required to reduce it to

" half the initial value depend very critically onvtempérature

" 1in this range, Even so, the dependence of diélectric

constant .on temperature at a glven field strength is not:

. as critical as might be supposed, because the decrease in

« injtial dielectric constant énd the increase in the field

v .
‘
‘ ‘

B i
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required to reduce it tend to compensate each other. The
resulting variation of dielectric constant with field
strength at different temperatures is shown in fig, 37,

calculated from the data given in figs, 22 and 24,
We have shown that desirable nonlinear dielectric

propertieé can only be found at temperatures above the
In this case the allowable temperature

Curie point.
range 1s a fundamental limitation. If the temperature
is too high, E, may be larger than the breakdown strength,

1n which case the.dielectrie constant is insensitive to
In order to compare the

the attainable electric fields,
operating temperature ranges of different nonlinear di-

electrics we arbitrarily set as an upper limit the temp~
erature at which E is equal to the maximum operating fleld
If the

strength, and as a lower limit, the Curie point,
value 4 Mv/m is taken as the maximum field strength of

barium~strontium titanate, the limiting temperstures are
The corresponding temperature

Tnin = 15° Cy Tmax = 5805 c.
range for Rochelle salt can be calculated from Mueller's

datal” If the maxivim field strength for Rochelle salt 1is
assumed‘to be 1 hw/m the limiting'temperetﬁres are
ij_# = 28'.‘7°C:, Thax = 31.5°C. ‘The value 1 i;v)m is
‘chosen becatise 1t 1s the highsst field ‘strength used by
- finellef.4° According tb'these;figures the‘barium-étrontium
| titanate 1is a useful nonlinear dielectric ‘over. alnost 8ix

times as. great a ranze of temperature ‘a8 Rodhelle selt.

’ e ‘.
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L4 L4

Furthermore Rocielle salt i1s plezoelectric in this range
of temperature snd will have electromechanical resonances,
vhich are avolded in the ceramic,

From ﬁhe experiment in which the resonance frequencies
were shifted by chipping the edge of the sample, we conclude
that these resonances are of a mechanical nature and that
they must’bé causéd byvan interaction between the electriec
field and the mechanical deformation of the dielectric, In
thé most general sense, accqidiné to Cady?s(p'lgﬁ)ﬁhs term

. "elecfrostrictionﬁ’applieé to any interaction phencmenon of

this sort, According to the dictionafy,°0 the term “piszo+

: s g
o sz b

electricity” 1s used only when electric charge can be
generated as a result of pressure, Electrostriction isra
common property of all mate"ials, but, -according to Cady35(p‘5)
only a few crystals are naturaily plezoelectric, In facf no

isotropic ‘mediun canfbe piezoolectric. However, some non-

‘erystalline and polycrystal’ine substances can be made

artificially pleicelectric by electrical polarization. 25(p.233)
An "electret" for sxample, 1s piezoelectric,48 our measure-

ments 1ndicate that barium titanate, too, is piezoelectric
at temperatures below the CGirie point if it has either- _
induced or remanent po}@rizatiqn. The pieZoeloctric~effe§t‘_
is a disadvantage ih‘some Tfespects, as wé have seen, but on

the; other hand there may be useful applications for barium

‘titanate as a piezoeledtric medium, -¥e -can fot meke any

lgpbcifié proposalg, however, uithdut,ﬁuhnt;tative data. .
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2. Miscellaneous Circult Applicationg--

The first .circuit to be considered is the oscillator
shown in fig, 38, In this diagram there are two ncnlinear
coridensers each designated C; and Tepresented by a new
characteristic symbol in order to distinguish them from
conventional condensers. The inductances marked L, are
the usual choke colls and the condensers Cp. are the usual
by-pass or blocking condensers. ¥hen the circuit is
oscillating properly, an a-c voltage V1 appears across the
inductance Iy, so the a-c voltage across each condenser C1
is %Vl. This voltage is small compared:to.the control bias
Vo which determines the effective value of Cj in accordance
with the curves shown in fig, 37,

The frequency of oscillation is determined by the
inductance L, and the capacitance 3Ci.

| L
5= TmV¥Eoe, - (V1)

Thus 1f the capascltance can be changed by d ratio 2:1,
the.frequency can in this way be controiled over a range ‘
1.4:1, Thé circuit shown in the figure with two equal
condensers, Cj ténds to reduce the even harmonics because
- the condensers operate in "push pull® as far as the oscil-
lating cireuit is cohcerned. |

The uée of a nonlinear Rochelle salt condenser to
“c¢htrol the fregquency of pn;oséillator'was demonstrated at
Tow gééQuencyvby ﬁué;ler‘inA1953;40,Cirquits~operating on
thi#fprip§iple could be used ét[highenffréqueﬁpieé to

TTET N
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replace the reactance tubes used for automatic frequeocy

control and frequency modulation.5 Oscillators with Various
types. of‘resistance-capacitance feedback using several non-
lines™ condensers controlled by a common bias could be
operated in a similar manner over a wider range of frequency
than 'the eircuit shown in £1g.39 because the frequency of

" this type of oscillator is inversely proportional to the

capacitance rather than to its squave root. Circuits of

this latter type might also find useful applications.”
-"The circuit shown in fig, 39 makes use of the nonlinear

condenser to generate harmonics of the applied. fundamental
frequency. The values of I and Ci are tw.od to resonance
at the fundamental or input frequency, while Lo and Cp are
tuned to the harmonic frequency, The field strength at the-
fundamental frequenoy is go high in condemser Cz that-IV-2
1s not helpful in analyzing the operation of this.eircuit,
Instead one would make use of the oriéinalrieiation between

- D and E. given by eq. Iv;l.

-

E—ocn+(3n"’ (A1)

wheéere

N
O(- 15.

- (3- -3
- ‘g3|5° . :
- The detailed analysis of the operatian of tnis circuit
1! a rather complex prcblem which. could appropriately be

eolved oq the diffetential analyzer. Wb havefnot dane’ this,‘
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but it 1s relatively easy to see-that harmonics must be
generatsd betause the current and voltage cannot both be
»sinusoidyln a nonlinear circuvit element if thé amplitudes

are high, It is also clear that tne a.propridte harmonic
frequency, if generated, will ve delivered efficlently to

the output., Harmonic generation by means of a nonlinear
condenser is very similar in principle to\harmonic generétion

9,13 or with a nonlinear resistor,

with a nonlinear inductor
Another circuit making use of nonlinear condensers is
the amplitude n}odulagtor shovn in fig. 40. In this circult
, r-f -power is intrqduced in the primary Lz of a transformer
with balanced secondary windings Lj and Ly, The secondaries
are-then.connected to the output in opposition, A condenser,
02 connected across the secondary winding Lo, is tuned nearly
-to resonance while two-nonlinear condensers C; are conneeted
in series across Iy. Thus 1f #C;=Cc Cg, the voltages appearing
across each secondary are equal and they cancel,es far as the
~output is concerned. If Cj changes by a small amount as a
result of a change in d-c bias, or as a resdit of a4 small d-c
-LSignal voltage, the r-f voltaée across winding nilwiil like~
‘wise change and will fail to cancel that acruss Lo The. dif-
ferehcé voltage appears at the output terminals, If &
slowly varying or low frequency input.signal 1§“§?plied 1n-“
. stead of d-c, then the eircuit can operate as a. balanced
fmodulator, or if the d=e bias 1s shifted slightly the same
‘circuit ‘can, operate as ah unbalanced modulator in which case
the envelepe of the output voltage is & tacsﬂmile of the

signal input.
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- are used at present,

i simpie anplificatien is Iesired.
‘ ﬂg; 41,
1% uses?no vaeuun *ubes although 1t does require a high

.

---fre quency source: of poyer.

'possibilities when its analogy to the magnetic amplifier

amplifier,

The eircuit shovm in fig. 40 is just one example of

‘the many ways of obtaining amplitude modulation with a

honlinear condenser, Our measuring circuit is another
example, and can be ﬁséa to demonstrate amplitude .mod-
ulation by this means, '

‘ ‘The amplitude modulator :circuit has some Interesting
1,20

is considered, 'Like the magnetic amplifier, this circuit

caun be used to control a relatively large amount. of r-f

power with a small amount of low fréquency signal power,

and the theoretical limit 6f power amplificaticn is equal

to the ratio of the r-f carrier frequency tc the highest
signal frequeney to be amplified, It has the advantage that
1% can operate at higher frequencies than the magnetic

) . ] A

It might be useful, for example, as a modulator

in telerhone carrier systems where copper-oxide rectifiers4

The-dieleeﬁricrmbdulatpr would in .
this case amplify the signal instead of attenuating it and -
would be scarcely anw more complicated ‘than the copper-exide
modulator. ‘ . .

The output of the amplitude modulator can be conneﬂted
to & demodulator using a crystal rectifier, for example,
This is indicated in.
This enplifier is en interesting novelty in that

No. practieul applications.ror
this eircuit are envisaged et the present tine. ‘

- , ' . -
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.3. Application as a Phase Modulator-—

The modulation of freéuency and amplitude has already
been considered. To compléte the picture, fig. 42 shows a e ¢
circuit for phase modulation consisting of a -ladder network
. with series capacitance and shunt inductance. The phase
shift per séctiqn, which’deﬁends,on the value of the capacitance,
can be controlled by a d-¢ bias or by a low frequency modulating
signal and the total phase shift of a network of N sections.
will be N times this value,

A linear relation between applied voltage and phase
shift is an important object in the design of a circuit of

this type. However the relation between dielectric constant

and field strength in fig. 37 is far fram linéar. To correct
for tﬁis we have chosen a particular ladder network which

has the desired-cdnpéhséting nonlinear relation between capa-~- ‘
citance and phase shift per section. The results which we {
will describe cannot be obtained with the series-L, shunt-C
ladder network. At a frequency “7$ﬂ- the phase shift

pet section is given byl8(P+194)

1x - (VI=-R)

Cx %"‘Lﬂ o {(VI-B)

The dimensions of the nonlinear dondenser are chosén so that
the capacitance 1s Cjx assuning that . 5/ = 1200,

‘
; \ g } N .
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In other words

On the basis of eds, VI-2 and VI-4 and the data given in
fig. 37 we have calculated the phase shift per section of a
ladder network.and the results for different temperatures are
shown in fig, 43. This figure indicates that the modulation
characteristic 1s nearly a straight line and that each se;:tion
can furnish phase modulation of at least .& R0 degrees, - ‘In
cach case the grarhically calculated §econd harmonicndistortflo'n
is less than two perpént.

The characterigtic impedance of the mid-series terminated

network 1818(15.194) '
C C
Rt V vpa & -V"—' “,"!' - -—( ”‘)
< 4 w=G ¢, Z\¢ (VI-5)
If €} = C1x we have ‘ ‘ ' )
o L (VI-6)
Rex i= | 205
~ « dr / . R ‘ ) . l. "
ey (By)= O - : . (vI-7)

rd

The latter result indicatés that if the términation is

. matched to the characteristic :hnpedance when Cl—' Cixs i.e

'reflectea signal can interfere with the direc%ly transmi*ted

Ro= Rix,. then the reflection coefficient, (Ro - dt)/(R¢4- Rt),
will be very small even if Cl changes slightly. It 1s Am~

portant to prevent reflections in this network because a

.~
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signal thereby causing spurious results, If Ry and W
are specifled, C1x and L can be derived from them making
use of eqs. VI«$ and VI-6,"

L= 25 o 2 |
Fw? H TR, (VI-8)

A
"t

It 1s importan% -t6 besr in mind that a -signal trans-

. ’ iiitted in this network suffers a Geldy and that the delay
' time per section '157(p'476) - .
Ts= 13 (VI-9)
d-w | ;
Noting that " | |
% stmgdd o ‘ (vi-10) :
gwcos ¢ = -sintfdw m T "
and putting C; = Cy1x, We have '
T, =—»t— = X (VI-11)

Ana the delay for N sections is ¥ times this value,

‘ It 1s clear that in order to modulate faithfully at-
high audio frejuencles the ladde-;' network should be so
designed that the total delay is less than oné-hal'f cycle of
the highest audio frequency with which it is to be modulated.
If this frequency is wt/zn. we have

. 2N ar_ g (VI-12)
w s Wz, x

‘and the maximum permissible numbe? of sections is

L _ T W i | o
S . = 5o (v1-,-15‘)-

The ladden network is essentially a modulator of phase. .
?Jhen d.t formg the basis of a frequency modulation system 1t

. 1
vl s = ' p
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is necessar_y to ﬁred‘istort the mod'ulat:lr’xg signal so that
the low f.re-;i_iiencies are em;q:hasized in inverse proportion
to frec’iue‘ncy.g This is_done by' the resistor and condenser
Rg and hg connected to every other section, This resistor
ané condenser also act as a filver tq. fprevent; undesired
1eakege of- the carz'ier frequencé. The time azns:ant of the |
resistor ané cond2nser determine a lower limitpto the modulat-
ing frequency.- -
 w o= L

“Ra.Ca

"As a numerical example we will design a ladder network

w, (VI-14)

with the xnaximum number of sections for a carrier frequency
of ‘500 Ke and for modulating frequencies from 50 to £0,000

cycles per second with a cha"acteristic impedance of 1000 ohms,
“ w= Tx108-
w, = 2 LT X so
- a )w‘?.‘.': 2Ir X 420’005 i
R, = -looé o . .

Cix = am xlo‘xloed

. X2 : . .
,N‘mag‘ 39 C

2. 277' KZO,OOO

. maximﬁm phase shift- i

:t, x3ﬁq-:l:217°‘3"‘b°
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The advantages of this circuit become evident wheh one

considers the usual metiods 6f obtaining phase modulation in

frequency-modulated transmitters. The Armstrong system of
frequency-modulation, for example, makes use of phase modulat-

ion of a crystal controlled oscillator.2’8 Tais 13 done by

combining the output of a balanced amplitude modulator with

a:carrier which is 20 degrees out of phase, Tﬁig’arrangement

:pr;ovidee a waximum phase shift of about =% 25 degrées if the

harmonic distortion is to be less than 5%, This is followed
by a complicated system of frequency multipliérs and hetero-

.dyne circuits in order to obtain a maximum phase deviation of

about = 100 to 200 cycles at the final output frequency.
-In~order to eliminate some of the frequencyhmultiplication
clrecuits an ingenious scheme has been worked out using a speclal~
iy designed cathode ray tube15 having a circular sweep operating
at the frequency of a erystal .controlled osc¢illator, . Tbe diameter

of the sweep. ¢ircle 1s then controlled by the modulating signal.
ﬂThe phase modulatéd output 1s obtainéd from srecial spiral

shaped electrodes on the screen. In this system the, maximum

phase shift is determined by the nutiber of revolutions made

by . eaon spiral electroue. Tubes providing a phase snift of as-

high as. -+=.2:5 cycles have been described, - ‘
Another system for ‘obtaining a large: phase Shlft 1s based

on pulse tecl'r.nirmes.6 By th.LS metnod phase shifts up to : 3 &

cycle can bé- obtained with 1ow distortion,-using a carrier [12,'3

-
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at temperatures below the Curie peint they do not agree.

89 P

frequency of 200 Kc. ,

In contrast with the alternative methods described
above.the ladder network has the advantages of complete
flexibility in design and simplicity of operation. It -
introduces .a relatively large amount of phase shift
thereby greatly simnlifying the design of. frequency—

modulation transmitters,

4, ‘Summary of ouf Results-—

a, We have derived a new general fgrmuie for the dlelectric
censtant versus field strength in a nonlinear dielectric,
making use of a new parameter—namely the eritical field
strength required to reduce the dielectric constant to half

'its original value at low field strength, Our measuremsnts

agree with. this formula espécially at temperatures above the
Curie point, The critical field strength denends on temp-
erature in the manner we haveé predicted in accordance with
the Curie-Weisé laws, N
be We have devised a new measuring technique making it

possiele to determine the dielectric constant and loss factor
at_high frequency as a function of time dﬁring_thé'qycle of .
a 10W~£re§ueﬁcy‘biesing voltage. This typé of measureiient -
1s necessary in order to-predict the:operation‘qf & non-
lineaf coﬁ’dens‘ez‘l in a modulator ¢ivcult, - We find that at
temperatures above the Curie point the results of this ‘f, o

method agree well with measurements~made with d~c bias, but

-
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" In fact the lossés are found to be—so much éreater in

the latter range of température with d-c¢ blas, instead of d-¢,
that the general application of a nonlinear dielectric in
moéulator eircuits is coneldered impractical under these
conditicns, |

¢s We have obtained exténsive data on the dielectric
properties of barium titanzte and a mixture of barium and

,strontium titanates as a function of biasing field s£rength
'fgﬁperature ané frequency, In addition to any theoretical
value they ma& have, thesé data are especially pertinent
‘to the Aesign of modulator circults,

d, In measuring the dielec%ric'constant’andlloss versus
frequency we have found a surprising series of resonance
phenomena which occurred only during or after application
Af’a moderately strcng.d-¢ field, Upon application of a
weaker fiéld of reversed polarity the resonances could be
"er;sed",’ The. resonance frequericies were found to be
relatively independent of field strength and temperawure
except that they disappeared above the Curie point. The
res6nance frequencies were finally showvn to correspond to
\tbe mechanical ﬁodes of vibration, a fact which proves the
existence of a new electrostriction or piezoelectric
ph%n@menon in barium titanate, ( t

& Our measuring circuit hdé served to demonstrate the

- gpplication of a nonlinear condenser as an amplitude

. ymad‘lla‘é or,




R : ) 91,

f. We have worked out”therdeta;ls for the éésign of an
original phase-modulator circuit suitabls for use in a
frequency~-modulation transmitters This metacd allows
?h@fdirect modiulation of phase over 'a range of several
cycles withoﬁt vacuun tubes,_thus'perm?tting.a-sﬁhstantidl

_simlification in the clrcuits now used in frequéncy-

o . N
modulation transaitters. - .
- ~ - -
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- APPERDIX A

Calculation of Edge Correction——

Edge corrections for various types of flat plate
condensers have been ﬁorked out by Scott and Curtis.52
» _ However it is not felt that. their solutions are quite
appropriate for the problem ét hand, which involves a '
thin ceramic disc of thickneés d with a veﬁyvhigh di- = < )

electric constant, A.small circular electrode of diam-

oter D is fired on to the top, while the other electrode

“ covers: the entire bottom, If the electric field went

N straight across from the top electrode to the bottom
with no fringing flux at the edge, the calculated capac~
itance would be ’

__TD" |
Ce = E ;',"'I" (A-1)

Instead, the capacitance is larger than this as a result
. of the fringing flux'at the edge of khe~electrodg, To
account for this the upper electrode can be aséigned ;n
ﬂeffective"diqmeter De whicg, when substituted in the above

formula glves the true capacitance.

C=¢& o ‘ (8-2) .

where

’. . ' . i s _.’. 2 .
- De= Dr2s . (A-8)
é; 18- ther called the.edge correction,, S -

The edge- correction should be. about the. same For &

straibht.eube as for a curved edge, as long as the radlus

- . * . .
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x~axis the solution of the problem is reduced to the following

-
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of .curvature D/2 1s large compared to the thickness d.
Therefore we shall calculate the edge correction fdr an
Infinitely long stralght edge, a cross section of which

1s shown below,

[— rlec.'l'rode ’ :;

ATAVAWTLW W -VAVA' ™ ea

\_ bﬂ‘om

electrode

The‘glectric field is perpendicular to the electrode ’
gurfaces, which are equ;potentials, To find the boundary
conaition st the exposed surface of the dielectric we make
use of the fact that phe dielectric has a very high dielectric
constant so that the electric flux tends to be confined to
the dielectric and therefore 1s horizontal at the exposed '
surface,

By combininb the field with its mirror image about the

electrode configuration.

| Y~axis
A | f x pd’en‘l"aalso -
D L 3
. i
=00 _X_a-:(‘i . _ 1B A Poftnf:a“‘“ c
, H _
d

im

D

y_potential=o

-

C
N
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z- plane
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In order to solve this problem the above z-plane

diagram is mayped on the upper half of the w-plane)indicated

below, by means of a Schwarz-Christoffel transformation.ol(p‘lzs)
V- axis
¢ D Al u-axis

- et I - Y +a
The points A,B,C and D on the z-plane zre to be trans-
formed to -the corresponding points on thie w-plane, The

differential equation for this transformation is derived in

the usual manner,
dz _ - K _\' Ko W+'
Aw ~ (W)t wr (w-D)* ww=1) (a-2)

where K 1s a scale constant determined below,

id
;o; =id = Kf Wl _dw = TiK

. W (w-1)
A+ A0 qo P ’
d (a-5)
or =
r( w
. The solution of eq, A~4 is

z~K1c1[§W_L]+C | - (a-8)
.-.-.—-;2,,[(“’"’] +C
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where C is the constant of integration, determined as follows,
z =0, when w= -1 .
=& 145 :
0=:=10g 4 +C (A=7)
c= -ilog 4 -
w -

For large values of w (w>>1) eq. A~-6 may be simplified to

d d 4. 4 T
Rt AR e A (as8) -

A paraliel-plane condenser can be mapped on the same w-plane,

N S TREE T

4 .
i Y{ axis
~00 f - Qxis ¥
¢ d T M e |
¢ ¥ ' A
5 ~ |
x Z,~ plane

In thls case the transformation equation is

Az, K _ )
Z'\Tf’:'"’ W1 L= KL?'(.W).'.CZ. (A-9) -

~dvid
. (dw '
— dZa-' :"'AJ - K —w—.= ..TrA"K »
-8 ~A0 L -

or K =:%-‘

. - .
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if 2o = O when w= -1, then Cp = 0.

sz =hiog () | L A

»

Comparing A-11 with A-8 we see that for large values
of w, z differs fi"on'z‘z by a canstant value, —141-_-103 4,
Therefore it follows that this value is the edge correctionm,.

| S=4d &#—i = ;:441/1

- (a-12)
And the finsl expression for the edge correction is

De = Df?-5= D*.%X‘lb‘ (A-13) g

e B e g i - ety e -
. - - s C e SN

. vt . c8 < . 3 e
-, * B » - - ‘ "
SOV U SR PP S7 GRS ST S e SO, YY" L TP I S S0 y a4 s -« s tr e PN il o N Y




15 linear and their ratio defines the initial permittivity &,
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APPENDIX B

Dependence of £ on Field Strength in a Nonlinear Dielectric—
The electric displacement D 1s normally an odd function
of the field strength-E in any nonlinear isotropic dielectric

walch does not have hysteresis,

D=aE+bE0 +CE +4 0440 (B
where a, b & ¢ are approprlate constants. Alternatively E
may be expressed as an odd-power seriés in D,

E= KD+ BD5+ ¥YDo+, « « & (B-2)

The dielectrics which we have to consider tend to become
saturated at high field strengths, In other words E increases
faster than D. This observation indicates that series (2)
should converge more rapidly than series (1) at high field
strengths (E).. As a matter of fact, series (2) converges
so rapidly that all our experimental results are consistent
with the series approximation wiich retains only. the first
two terms. ,

E =oD+ @D° . (B+9)

For very small values of D, the relation between D and E

for low field strength,
E=oD=D
" . ¥
: J S (8-4)
or & T — C
_ £, .
Substituting this value of & in eq. B~3, we have

T

7
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| 3 : - ﬁ
F= ED + D . (B-5) S :
{1 ‘ .

‘The general permittivity is defined as the slope
of <he D wersus E characteristic

S= 4D ; o J o dE (8-6) .
" T A E 3 dD ,
then
{ | 2 '
= -+ D. B-17
e +3F . e
Solving eq. B=7 for D and p}lﬁ;ting t}ie result in eq. B-5 *
‘gives o
| | TR :
Ee “+1T& € (B-84)

where

__4 = (/XY 3" A
Fo = sey% @% =4G)"e

(B-68B)

To determine E, as a function of temperature we may

-y

D e A AR

substitute the value of 3 ¢ ‘glven by the Curle-Welss law
(eqs I-1 or V-1). Then o

* ' 3 ' . ¥
4 . - .
E°~ - g '/l. ?(T‘ T:,) (B-Q) t‘,j;
| T (BE "6 i
e - ‘, ) . > - ) !
Experimentally we find that the relation between Eg and ‘§
-« temperature is ° ) ‘ g
b
. " *
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o= K(T - To) * | (8-10)

where K is a ¢opstant, Thus we conclude that @ is in-
éependént of témpsrature while c{ has a simple‘zero at the

) Curie'point. |

. @hé(appropriate values of C and Te in degrees kélyin
and K in‘megévplts‘pen meter per degreeq%i for- barium-
strontium titanate and Rochelle salt and several other

crystals are listed in Table II for comparisaon,

. * © - (fsble If-Curie_Welss Law Constants
| Material m ¢ K
. (Ba-Sr)Ti04 281 ) ea?ooo L0112
Rochelle salt 4/ 296 2,240 .0405
- Kigpog >4 i1s5 3,600 '
KHoAS04 >4 | o1 2,600

Iron ¥° - 1029 0.4

(3

N

]




APPENDIX C

Vibrational Modes of a Circular Plate--

The natural‘frequencies of vibration of a eircular
plate in which the motiop is parallel to the surface have
been calculated by Petrzilka47 aﬁd reported by Schmidt.49
Only -the modes with'circular symmétry -have been calculated,

* The frequencies of compressional vibrafiogs'in this case

are given by

v ara o (j-a%) _ - (c-1)

where a = radius

Y = Young's modulus

0" = Poisson's ratio
Cs = density ‘
and (%, is the v-th root of the following equation:

T ed@=-0-mJ(f) =0 (c-2)
If the value 0 = 0,3 is assumed,the roots ares

0, = 2.05 G = 1173

Pa= 5.39 Ps = 14.88 )

@ = 8,57

o The values of the roots are relatively independent of the

value of O, For éxample it O = 258, hp"n_ly the first two |

are affected,
Q= .08, Py = 5.78
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Since the ratio of.the frequency of %he first overtone
having radial symmetry to that of the fundamental is relatively
independent of the value of 0, we will use the value
= 0,3, which is aﬁ» avlerége value for most materials, In
thls case the frequency ratio is &/p', = 2.,63. In fig, 31
(top) the ratio of the resonance frequencies is
1.26/0.50 = 2,52, The relatively weak resonances at .84 )
and .95 ¥c are assumed to correspond to modes of vibration
that do not have radial symmetry. Considering that the
fesdnance frequencies must be influenced somewhat by the
mags of ‘the silver elzctrodes, vhich are scveral thousandths
of an inch ﬁhick, and the oil bath, the agreement between
tﬁeory anG experiment 1s very encouraging.

If the above interpretation is correct and one assumes
the following values,

= 0.3

P = 4,7

o = 0,30

4 = 0,50 x 10

@ = 2,05,
then Ybung's modulus can bs détermined from eq, C-1l, The -

result of this.calculation i, ¥ =3 x 20™' dynes/en®, The
value of ¥ calculated in this manner is relatively indecendent

6

- of. the value chosen or 0. The result obtained above is

within the range.df Y for electrical poncglaina listed_in the
International Critical TaplésA(ave?agé 8 to 10 x 101! dymes/ex
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