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Chapter I
INTRODUCTION

Although the piesgoelectric effect was dis-
covered in 1881, it did not find extensive practical
application for nearly 4O years until the development of
the science of radio communication brought a need for
some method of accurately controlling the frequencies of
electron tube osclllators, The discovery in 1921 that
the mechanical vibrations of pleszoelectric crystals could
be used for this purpose resulted in a revived interest
in the long neglected field of piezoelectricity. This in-
terest has continued at an accelerating rate up to the
present time,

Thus far, no principle has been proposed which
approaches the effectiveness of a plezoelectric crystal
as a frequency stabilising device. This superiority
arises from the extremely sharp resonance of the mechani-
cal vibration of a ¢rystal resonator as compared with
electrical resonators consisting of inductances and cap-
acitances., Of the many piegoelectric crystals, quarts
has the widest application in the field of radio commun-
ications. This is due to the fact that quarts is

relatively abundant in nature and combines almost ideal



elastic qualities with good mechanical strength. But
most important of all, resonators can be cut from the
quarts crystal in such a way that their mechanical fre-
quencies are nearly independent of temperature, at
least over limited temperature ranges. This particular
property of quartz has been the basis of numercus in-
vestigations which have led to the development of seve
eral types of quarts resonators for various applic-
ations,

As more services demand space in the radio
spectrum, it has become necessary to contrel, more
closely, the operating frequencies of the tranamitters,
This has resulted in the necessity for limiting the
temperature variation of the quartsz crystal units which
control the transmitters and receivers. This limite
ation has usually been accomplished by enclosing the
erystal unit in a small oven which maintains a temper-
ature somewhat higher than the expected ambient temper-
ature. When the highest expected temperature does not
exceed about 70°C, the AT type of resonator is used
since it has a zero temperature coefficient at this
temperature., In this case the oven thermostat is set
to maintain a temperature of approximately 709,

In many radio applications, however, the

ambient temperature reaches as high as 100°C where
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the frequency of the AT cut changes rapidly with temper
ature, Consequently there has arisen a need for a quarts
resonator which has a gzero temperature coefficient of
frequency at a higher temperature.

In spite of the rather large amount of lite
erature upon the subject of plescelectricity, there is
much confusion in the field. This is becsuse each in-
vestizator has tended toward using his own particular
system of notation and expression. Therefore, attempts
to correlate the data of different workers have proven
extremely difficult as have all attempts to use these
results as a basis for further investigations.

Recently the Committee on Standards of Piezo-
electricity of the Institute of Radio Engineers (21)
devised a system which it recommended for all future
investigations. The purpoese of this recommendation is
to establish more uniformity and help to clarify
existing confusion in the field.

This study will use, whenever possible, the
recommended system of notation and expression and, be-
cause of the need for clarification, will present the
theoretical analysis more completely than might seem
necessary., It is hoped that this will prove an asset in
further work of this kind.
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The problem

Is it possible to obtain a quartz erystal
resonator, with useful properties, by multiple rota-
tions about the erystallographic axes?

Problem analysis

l. What are the frequency~temperature chare
acteristics of oscillator plates obtained by multiple
rotations?

2. How is the piesoelectric coupling affected
by the rotation?

3. What are the electrical properties of
quartg plates obtained in this manner?

he How does multiple rotation affect the
frequency spectrum?

Delimitation.~-This study is limited to those

quartz plates which vibrate in a thickness shear mode
of motion and, in particular, to a plate which has a

sero temperature coefficient.

Definiticns

le. A resonator refers to any pieszoelectrie
device which has a natural mechanical frequency or
frequencies, and is vibrated electrically at or near
this frequency.

2. A temperature coefficient, unless other-

wise specified, expresses the change in frequency with



respect to & change in temperature, this ratio being
divided by the frequency.

3. In this study, both a plate and a cut
are terms used to denote resonators which vibrate in a
thickness mode only and which may be either circular or
rectangular,

Lke Frequency stability refers to the ability
of the resonator to maintain a nearly constant frequency
when some parameter is varied. Unless otherwise stated
this parameter is the temperature.

5. The activity is a measure of the grid
current in the oscillator whose frequency is being cone
trolled by the resonator. It is an indication of the
quality of the resonator.

6. A rotated plate or cut refers to a plate
whose normal is not parallel to one of the crystallo-
graphic axes. A single rotated plate is a cut whose
normal is perpendicular to one of the erystallographie
axes. A double rotated plate refers to a plate whose
normal is not perpendicular to any of the axes.

7. Contouring refers to the process of
changing the surface of a plate from plane to convex.
The degree of contour refers to the amount of convexity,

8. The frequency spectrum of a given reson-

ator is the representation of the different vibrational

W
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modes or resonance points of the resonator over a given

range of frequencies,

.



Chapter II
REVIEW OF LITERATURE

In order to have a suitable background for this
particular investigation it was necessary to have a
rather thorough knowledge of previous work on other
types of resonators. For this reason this particular
ah#pter has not been restricted only to those resonators
which vibrate in a thickness mode but, rather, has been
extended to include most of the notable achievements in
this particular phase of the field of piegoelectricity.

The mechanical vibration of a quarts erystal
resonator was first used to control the frequency of a
vacuum tube oscillator by Cady (7) and Nicholson (20)
in 1921. Both of these investigators used X-cut plates
in which the normal to the plate is parallel to the
X or electrical axis. This type of oscillator plate is
characteriged by a complicated frequency spectrum which
results in a tendency for the oscillator to jump from
one frequency to another., The X-cut plate also has an
unfavorable temperature coefficient. In 1927, Cady,

(4) discovered that a Y-cut plate might also be used
as a frequency-controlling resonator. The frequency

spectrum of this type of plate, whose normal is parallel



to the Y or mechanical axis, is somewhat better than the
X-cut but the frequency stability is worse,

The first types of gero temperature coefficient
resonators were the coupled types which obtain their low
temperature coefficient by virtue of the interaction be-
tween two modes of motion, Marrison (15) in 1929 de-
seribed the first of these coupled types., This partic-
ular resonator is in the ghape of 8 ring with a shear vib-
ration coupled to a flexure motion. The shear has a posi~
tive temperature coefficient while the flexure has a
negative coefficient. Due to the coupling the resulting
coefficient is nearly sero over a limited temperature
range. In 1929, also, Lack {12) deseribed a cut, de-
vised by Heising, which accomplished the same effect by
coupling a positive temperature coefficient shear vib-
ration with the harmonic of a low frequency flexure vib-
ration., However, neither of these resonators has proven
of much value since they are difficult to adjust and
possess several spurious frequencies near the desired
mode.

The next low temperature coefficient reson-
ators were of the longebar type. Matsumura in 1932 and
Kansaki in 1933, a&s pointed out by Cady (5:453),
achieved low coefficient resonators of this type by
inclining the length of an X bar at an angle of 20° 4n
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the T Z plane and at the same time having a definite
ratio of length to width. Mason (17), in a study re-
ported in 1934, used a similar method to obtain low
temperature coefficient resonators.

In 1934 it was discovered independently by
both Koga in Japan and Straubel in Germany, as pointed
out by Cady (5:45L4) and also Bechmenn (2) in Germany,
and Lack, Willard, and Fair (13) in New York, that zero
temperature coefficient plates could be obtained by
rotating the Y-cut a given angle about the X axis. It
was shown by each of theze investigators that the gsero
temperature coefficient of these plates results from
the fact that the coefficient changzes from positive to
negative as the plate is rotated about the X axis., It
wag also shown that there are two different positions
where the ccefficlent becomes zero. These resonator
plates, known as the AT and BT, vibrate in a pure shear
nmode of vibration and therefore, are more nearly in-
dependent of undesired spuriocus modes than either the
X~cut or Y-cut. The AT and BT were the first high
frequency resonators obtained by rotation about any of
the crystallograrhic axes,

Hight and Willard (9) in 1937 described
another set of zero coefficient plates. These plates,

the CT and DT, vibrate in a low frequency face shear and



their positions in the Y-Z plane are approximately 90°
from the BT and AT, respectively.

In 1935, Bechmann, as shown by Cady (5:144),
investigated the possibility of obtaining zero tempera-
ture coefficient resonators by means of multiple rota-
tions about the crystallographic axes., Bechmann calcu-
lated the temperature coefficients, elastic constants,
and pieszoelectric constants for plates vibrating in
thickness modes in several different orientations.
Further work along this line was carried out by Kcga
{11) in 1936. He worked out the numerical values of the
elastic coefficients for a large number of orientations.
However, neither Bechmann nor Koga appears to have exper-
imentally determined any zero temperature coefficient
plate which might be commercially useful.

Mason (18), in a study reported in 1940,
stated that a series of zero temperature coefficient
angles were calculated by using c'gg as the elastic con-
stant devermining the frequeney. Mason further reported
that a few of these plates were measured and found to
have zero temperature coefficients but they also had a
much more complicated frequency spectrum than the AT or
BT crystal plates. This investigator used the results
of Bechmann to graphically show the orientation of a

series of zero coefficient plates.
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There have been several investigations into
the possibilities of obtaining gero temperature coeffi-
cient oscillator plates by multiple rotations about the
crystallographic axes. However these investigations
seem to have been of a theoretical nature with little
emphasis upon actually determining a particular plate
for a given purpose. The experimental work that has
been done points to the idea that the complexity of the
frequency spectra of double rotation plates renders
them less useful than the present oscillator plates,
with no advantages to justify the additional complexity.

It might be expected that the theoretical
results already available in this particular field could
be used as a basis for experimental work. However the
many discrepancies existing in the notation render this
approach almost futile. 1In order to correlate various
results and form a systematic basis for further work on
this subject, it has been necessary to carry out a com=-

plete theoretical analysis.
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Chapter III
THEORETICAL ANALYSIS AND AFPLICATION

The calculation of a zero temperature coeffi-
eient plate, which vibrates in a thickness shear mode of
motion, involves a theoretical consideration of thickness
vibrations in general. The expreasions obtained through
this consideration can then be applied to a particular
type of thickness vibration. By experimental procedure
it is then possible to determine whether the properties
of the resonator thus calculated make it useful for the

desired purpose.

Axial system and notation

As pointed out in the introduction this study
will conform, whenever possible, with the notation and
axial system recommended by the Committee on Pieso-
electric Standards,

The axial system which will be used is a right
handed orthogonal system for both right and left quarts
as shown in PFig. 1. It can be seen from Pig. 1 that
this system requires a different definition of the pos-
itive X axis in the two forms of quartz. The positive
X axis is defined as that axis which upon extension
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becomes negatively charged for right quartz and posi-
tively charged for left quarts.

The more common axial system is shown in Fig.
2., As indicated, this system defines a right-handed
sxial system for right quartz and a left~handed system
for left quartz. This is the axial arrangement in which
the values and signs of the elastic and plesgoelectrie
constants were initially determined., In this system
the piezoelectric coefficients e;, and ey, ere posi-
tive for both right and left hand quartz. The elastic
coefficients assume the same sign as those commonly
quoted. Comparison of Fig, 1 with Pig. 2 shows that if
€11 is positive in Fig. 2 it becomes negative for right
quartz and remains positive for left quartz in the axial
system of Fig., 1. The coefficient e;; remains positive
for right quartz and changes its sizn to negative for
left quarts. All signs of the elastic coefficients re-
main the same except for C;, which now must be defined
as negative for both forms. Because of the symmetry of
quartz the numerical valueg of the coefficients are, of
course, the same in both systems. For this reason no
further diastinction between the two forms of quartz need
be made in this study and all of the following discussion,
unless specifically stated otherwise, is based upon the
axial system of PFig. 1.
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The Committee of Plesoelectrie Standards has
also recommended a notation for the elastle variables,
stress and straians. By this notation the tensor compow-
nents of stress are denoted by Tij while the tensor come-
ponents of strain are denoted by Sij where

1i=1,2,3and §=1, 2, 3.

But since ?1j = Tj*, only s5ix of the nine come
ponents are independesnt and the stress cowmponents are
written as Tp where

P=1,2 3, &y 5y or 6.
An analgous situation exists for the strain components.

The values of the piesoelectric coefficients
as weil as the values of the slastic and temperature coe
efficients are given in Table l. These are the values
which were used for all of the calculations in this
study. The piezoelectric and slastic coefficient values
are those reconmended by Cady (5:1137) while the tempe
erature coefficients are those experimentally deters
wined by Hason {19:1103)}. These latter values are said
to be accurate to two percent between the temperatures
of 20° and 60°C,

The effective elastvic coefficient
The general theory of the propazation of plane
waves in an anistropic medium was first given by lreen,

as shown by Love (14:1299). Oreen showed that for any



Table l.--THE VALUES OF TH: ELASTIC, PIEZOELECTHIC AND
TLMFERATULE CORFPFICIERTS

LLASTIC COUFPPICIENTS
C11 = 87.5x1040 ayneu/bmz €33 15.1x101° dynaa/&az
C33 £107.7x1010 dynaa/ém? clhAawl?,legle dyna&/énz
Ciy ® 57.3x1010 dynes/ca® Ces ® 39,9x10%0 dynaa/hng
Ciz ® 7.6x0080 Gynes/en®

PIEZOLLECTRIC COEFPICTIENTS
ey = 5,2x10M gtateaulamba/&mz
ey 3 1.2x10“ stazc@uxemba/éuz

TEHFERATURE COLPPICIENTS

teyy = “46.5000"6 dynes/cn®/degree
teyqy = -204x30~6 dynes/cu® /degree
te,) * ~166x10"0 dynes/cu?/degree
teyy = ~3,396x10'6 dyﬁaa/hazlangruc
teyy = ~69«?x10"6 dynsu/bng/aagrut
tey, ® 90,2x10~% dynes/on? /degree
tegg = 164x10"6 dynes/cm? /degree
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direction of propagation there are in general three
possible types of waves, each with a different velocity
and therefore a different frequency. He also pointed
out that the three vibration directions are mutually
perpendicular,

The form of the theory to be considered in
this paper is due to Christoffel, as used by Bechmann
(2). Christoffel applied the considerations of Green
in a manner which makes the theory directly applicable to
quarts.

If damping terms are neglected, the general
equation of motion of a small elemental volume of an
elastic =o0lid undergoing stress is

._a_:rl—-'f"’)n #'J&_—-;(’“;&_
o dy Jz JdA*

where @ 4is the density, £ the time, and & the

component of displacement in the x direction. Similar
expressions represent |V and W , the y and 2z compo-
nents of the displacement. The three equations of
motion are then given by the following relationships
where the T_ are the stress components which produce

P
the respective displacements, u, v, and w.
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JT 0%+ 3T, = pu
Tx Jy Tz NPT
d7e + JT Ty = %
SR Py C4x (1)
JhG + AT + 9T = ¢ y .
o Yy T o= A

If it is assumed that the electric field
and the temperature are constant then the generalised
form of Hooke's law relating the stresses with the
strains is given by the following symmetrical tensor.
7; = C,,J; + Clﬁ S;. + G '53 + C,,,S,,-*-C,; S, + C¢ J;'
Ta = Ga S, * Gy S, +(,§ 53 -fC:,,,.Yq "'Cz..r-S:, +C,, .S}
A = Gs S, "'Cx:S;. + €335, +Cay Sr +Cys Ss +C},‘S‘ (2)

Ts £ Gs S + Cas 5 + Cas $, +Cos Sy #Cos Ss +Ceed,

Te = Ce S+ Coc Sa + Css S:; + Cye¢ Se +CeiSs t CseS
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Upon application of the conditions of symmetry in quarts

the stress tensor is reduced to
T = C,,f, + Cro f, + <3 S) 'f'Cﬂfq

Ty = C,;,S/ +C Sy +Ci3 834 Gy Sy

=65, .,c(,,f,_ *C::S;,
(3)
Tg,:‘(,'-f, "f'c,v!’ J'C'Q!S,
Ts = c,,.,S, - Cy Se
Te = -Cy s “’Ccs‘fs
If u, v, and w are the components of the
particle displacement slong the X, Y and Z axes then
the strains, 3p are given by
S, = Ju Sy = dw ,J¥
Jn Jy Je
S =V  Ss=du,w ()
J? Jz I

$3 = QW Sg = ¥4 du
J ~x J;}_



and the stress tensor becomes

7= CII.AE- +Ga 2V +C3 QW —(r‘/e)—-l‘g-——c}q_)_‘_/.
I /4 Jz J M Je

7 = 59-3-3— +C’l%§ + 43.3—:4 + Cmﬁi' C/y.}g

2

- V4 Cq3 W
73:—-513% 1"513-)——'* 330

(5)
7:[ ’Z-"'Cu{-g-i— ﬁ“/y_rlz ‘f'Cv'lg_a_" + C‘l‘(%

¢ 4
- - ~Cydu
Ts = Cu .3-% + CW%:L Cwﬁlf;— Gy 2.4

‘4
Tz i ~ Gy 4% 4 C“)Z *Cto)-;

The third equation of motion as given in
Eq. 1 is given by

+ I, +%=f§% ()

Substitution of the proper stresses from

Eqs. 5 into Eq. 6 results in the following equation of
motion.

A)—[‘qu.g_— + Cyq Qgi C:q ’)V Cy c);»

C,g’g,'l'cn_az +5333w fJ#”"
[ 3]

<H



If S represents the directed distance from
any plane to the origin, as shown in Pig. 3, then the
equation of the plane is given by

S = Kn + mn 9 + M2
where 1, m, and n are the respective direction césines
of S.
The axial variables x, y, and 8 can now be
expressed in terms of the arbitrary direction variable,
2 2 22
Cyy IM.Q_‘.{ + va/’?_-ﬂi -C'n,/_e)_l
Js* dS* Js*
t X 2 2 42
-C Ju — Ciug bom 28 4 Cyam
oy /M-.TBVJ" e A m T s> a4 Lr>
2 42 : % (8)
+ Cyy am 2)-?1‘_ -icv'rMM-%—J‘,‘,, + (13/”‘-%-?1

E R

2 2 A2 —
+C,3Mﬁ_%é{’- +C37m ‘%’%’ = f%—/—;%,

Combination of terms results in the follow~

ing expression for the motion equation.

2
Efw R = 2Cq o + i3 i‘“j-%g—“,

2 2 2
+ - / 4Cyyan m 'f'C?MH%-z-
E""m v " ‘ S* (9)

1 1 % 2
”[Cw]z-icww +Cagm -%—ff = (%,



Fig. ?.--Orientation of an arbitrary glane.
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When the same conditions are applied to the other two
equations of motion, the three equations are expressed

in abbreviated form as follows.,

1L

1 2
Qv + 3. 0%
F ﬁﬁlﬁ."‘/’:)‘,,"' 3_3@1

J:ﬂ
C’AQZL--IﬁZ_QiL -+/Ei.2i5 /'5 Jw
A L Ist st -”" (10)
3 )“ + )V + 3 W
QS” // Js5* f
where the moduli, /ES, are given by
/77 = C,,jz-i-('“mz.f-cwmz— PGy amm
[7; ='[§5a'*<g£]452~ - 2Cy oo
1> = |Gz +Cw M/"" 2Cy L
s = [as+6] -

[;J = (u/‘%(,,mz-f'(qqmz-f-,iqq A

3
u
a
N
Qe
}
Ny
+
o
3



If the component displscements u, v, and w are

expressed in terms of the resultant displacement, D, then
U =P
yv=8BD
w=00
where o/ , B , and ¥ are the respective direction
cosines.

When this change of variable is carried out,
Egs 10 reduces to

2 2
P8 = [ vapm + r o] 3R
2
a3 = e < I
f’&’ﬁ%?? :LZ?%&& + B 23 d'}7€57%{¥%_

(12)

If the following relationship is assumed

i + Blir + ¥f3 =g
Afiz + Bz + ¥ p3= 3q (13)
Jfiz + Bfs + ¥ p =g

then Eq. 12 reduces to the common wave equation

411 g ;J’- (14)

whose general integral indicates a propagation velocity

of N = y 3 /F withcz the effective elastic

coefficient,



The coefficient 8 is related to the /fs
through the following determinant which resultas from

the linear equations, 13.

fi-g [ [
I WE (15)
I

\
0

Upon expansion this determinant yields a cubie equation
containing three real and positive roots, g, ’ g; ’
and K5 » which are functions of the elastic moduli and

the direction cosines 1, m, and n.

[i-3][m-g[[F-t]t 2/ f /5
FF i el

(16)

3 2
(- Foresbfon e ]
TheBR g

? 2.
LB B s+ 2fi = O



If the trigonometric method for the solution
of & cubic equation is applied to Eq. 17 the three roots

are given by

ZM = YY" on _QL";?_@_Z.;. [t +[22 4[5 (18)
3

Where m Z 01, 2,
m =

where

H = —Lﬁ'-f'/.‘,"*/;_:j ﬁ/’a *TIE:LJJ;, ]

4’/~i[31r‘r3;”

¢ = [m/aaﬁfs]f?[ﬁ/fw/s’j
/Z/ﬁﬁ-ﬁi_{vt/”/'[m PR j

+27/.7,’/£[59/r‘~/7;2-/,3"-/7,"+9/,1/;g/,3’
fafr [ufis [Wfs 7%t /5




Solution of Eq. 14 for an infinite plate with

wave propagation in the thickness direction leads to the

/:‘ 5‘:;: 3/6 (19)

where @ 18 the thickness and ¢ the density. Since the
effective elastic coefficient, Zyu s may assume three
independent values, there are three frequencies, or three
vibrations, which are theoretically possible, Whether
all three vibrations can be realized depends upon the
value of the appropriate piegoelectric coefficient, In
the most general case, all three vibrations are obtaine
able and any one vibration may be coupled with the others,
It is only in special cases, where the couplings are

gero, that one independent vibration is realised.

Calculation of a zero temperature coefficlent

Even if a resonator were found to have a zero
temperature coefficient, there are other conditions which
must be satisfied before the given resonator can be con-
sidered commercially practical. In addition to the re-
quirements upon the physical performance of the plate,
the plane of the plate must be approximately parallel
to a set of atomic planes in the crystal so that the
orientation of the plate is readily established. Con=-
sequently a study of the atomic planes, which might be

useful for x-ray orientation, was necessary before any
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actual calculations were carried out.

One of the stronger atomic planes which might
be used for orienting a quartz plate is the 1232 plane,
which has orientation angles of qb 2 70°54" and

© = 59°14', as based upon Fig. 3. This particular
region is the one that was used in this investigation.
The reason for this choice is given later in this chapter.

When the direction cosines given in Fig. 3
are substituted in Eq, 11, the result is of the fol-

lowing form.

. 2 .2 . 2
/F:G,maém-.é + (o6 bm G tan B
1 Gy oo 20 - 2Cy Bin B 2n © l0a &

/G& ::1?5,1'4%9 wo d And e
—2C, bed We 6 &im O

/G% =1Zg5;-+C}i]bvaqﬁﬁv&~e’Cua<9

20
20 we @ #in dain o (20)

Pz G walfain’e +Ckaimboine
+¢:qq'uV¢15 +2GCy P 8 i 6 L2 B
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/;3 = qu [;44.2¢»- M¢¢jﬂ~w é
+[Gs+ Cor] #n 6 Ao L

p 2
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At the point, qb = 70954 and © = 59910', the
coupling modull /]—.—é and /1—5 vanish and the roots of the

cubic equation in 6 s become
=/
- L o+ T o] (21)
Z193 - ,_[I:. ‘/'/53 ”Y[i?tfﬁﬂ-{-‘//'{J

Ar
Congequently if a plate havingisero temperature coeffi.

cient lies close to this region, g, = /ﬁ will be
approximately the value of the elastic coefficient which
determines the frequency of the vibration. This value
of Z can be used in the following manner to determine
the position ef a zero temperature coefficient.

Differentiation, with respect to the tempera-
ture, of the fregquency relationship

7=V

results in the following expression, since 4 , 8 ’ and(a

are all functions of temperature,

2 za.(w —l"' tie (%) (f/)
(_,.. da (j); (22)

4 = £ 4& -Lﬂf - a2 & (23)
7 I e
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A - “a ”;Z’?‘” 'jX] (24)

where 71‘ ( is defined as the temperature coefficient of
frequency, ‘;ﬁ? the temperature coefficient of density,
Qﬁa the temperature coefficient of length, and ;f?
the temperature coefficient of elasticity.
S8ince a gzero temperature coefficient of fre-

quency is desired, Eq. 24 may be set equal to zero.

,2?’-: o = - -—é;z(jz? -.J%i]
or 3r;{&.‘f Jﬂ; = )f%

(25)

when this equality is satisfied the result is a zero
temperature coefficlent. Since both ;f; and ,7%’ are
well known it remains to determine whether a value of
;ff can be found which will satisfy relationship (25).
The temperature coefficients of length and
density are given by (8},
ﬁl:/%3 -&5@426 ;é = -36.Y
where © is again the angle given in Fig. 3. Substitu-

tion of these values gives

3/ §- 1326 = %%/g (26)
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8o that Eq., (26)becomes
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Substitution of the indicated values from Table 1 results
in the following relationship

[~4657 [§7 S] toe "% ain %o
~[16€1[57.3] e % &
476 31-T] 6 & 2w 20
-7 ~-/(3 we’t - ~2-[?oaﬂ[;7:2_74~;~d‘4-'«6woe
[¥7.5] wo ? & o} + 513 wos
+[39.9]0in 24 0in 26
-~ 2[17.2] pinb em & 02 ©

If the angle, (b equals 70%54!, corresponding to the
angle of the'1§32 plane, then this relationship is sate
isfied by © = 560906', Hence a zero temperature coeffi-
cient is theoretically available at this point.
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The Effective Piezoelectric Coefficient

As pointed out previously, it is necessary to
consider the effective piemoelectric coefficient in order
to determine whether a particular vibration can be

realized.
The equations relating the polarigation compon-

ents with the strains are given by

P/,]» =& S, +4, “rz +Ps Sy by Sy + Bs Ss + 96 &
/0? = Ly S, + %22 5, + 4, 5; +*?,qju +—?zs~f_y+&;s‘(28)
PE :*9?,5‘ ‘l“eJ‘J Sz 1"'!33-{3 *ng .S—q ""e-)_g S‘:#"'p"&

As shown previocusly in Fig. 3 an arbitrary plane is de-

fined by
S ::JZ; +u~»1} £+ m 2

Since the thickness is in the S direction, the polari-
gation in the S direction can be expressed in terms of

the axial polarization components,
f% TL/VZ; +vw~f%¢**ﬂ“/%»

80 that

P«S = [[?“.5; "‘e/gjg, +'p,3 j;“’aplyjq "'-?,;S:g"/'-p/‘S.J
+ m Ly .g'f f”‘j‘_-{' !,3 534 %VSV""%SSJ"’@‘%] (29)

+M[o;l 5, + !39 594?33 S:; +‘P3¥5¢( +‘?3$ SJ" o+ ‘%6 Sg’]
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If the varisbles, x, y and %, are changed to

the artibrary direction variable, » Eq. L beconmes
- Sy =m 2t D
S, = /_5)_% g =M T A T,
- |74 S - 2“ + 2,&’.
S22 gk s 2ot o

S, T mdw S¢ =mmd + LV
3 Js Js  3s

If the strains, Sp, in Eq. 30 are substituted
into Eq. 29, the resulting polarigation, /O 5 , becomes a
function of the direction cosines and the displacement

components,

/ 4. /jﬂ 41";»«_314 + 334“-2-“L4"37M
”'4’4/"‘-2&1‘&.:”!,3. -b?,sm

-b@w‘“ U *"’/&/j’—-—

(31)
+m /,,/_22. o+ Fgq AN 1"!13'“3""“""2‘!’"&
+’¢;{ /“‘“;& ""'2,_56“.23— ‘I’%S’(—g‘—‘
+Ra¢ m%‘# + Zae ]},__

4+ m Ig,/ejﬁ +X”_m2:({+f,,m.2£u—4?3q ).‘;
+ Ly~ -L- -I—I;;;M)u 40350 J;g
+'e}"““‘_3_‘i -f'/egg.ﬂ QV
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When the component displacements, ({ , V ,
and W , are expressed in terms of the resultant dis~

placement, D, the polarization becomes

2
Rz /% otj:_)_gp_ + o O, \)3:’244 + M 25 ?.12?
bl e PAL 3 Mty Y%ra,«/»«ma,QgJ
2 2
A D
+ A rdl + o 24 0 +/4,‘)3§.§

.
4 e e w @ . - v T e - vy v e v o e Tl e v

so that
P; = €22
2S5
where
2 2 2 |
€ = o },,/-f /?,‘M 1‘13;4\ 4’[!;54194 Anm

‘J"[Pg, -ffs.s]m/ .}.[';'_,4‘ M/p

—//ﬁ /916/2‘?" —222'“4”7"/?3‘1/%:[:032.‘9}3:(:7,‘”»]
‘/'[.I,q ¥+ “Pa,s-jﬁ"["f’ﬁ,a_ +¢91‘JM/

2
'7"3[116 /2-;" fzq*‘"?'f' Py3 m *’ﬁaq#-&;}mﬂ
+[:63 + "e3Jij+'[o?1q :‘/zsj/m

(32)
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Since /& represents the polarization in the thickness
dirsction, 5 , and —%—?— represents the arbitrary strain
then the coefficient of this strain is, by definition,
the effective plegoelectric cosfficient,

When the conditions of symmetry in quarts are
applied to Fq. 32, the plescelectric coefficient, £ ,

reduces to the following expression.
€=t 2, [F#2 ,;j+gqmg+}[-'«e,a/-a&mz€j (33)

Lqe 33 gives the plesoslectric coeffieient for any thicke
ness vibration in any orientation in quarts. To deter-
mine whether any perticular vibration can be excited, it
is neceassary to substitute the direction cosine values,
If the resulting £ differs from zero then this vibration
can be excited,

When the direction cosines / s M 4 and M
as given by Fig. 3 are substituted intoc Eq. 33, the
resulting effective piesoelectric coefficient is given by

€= ozZ},, [m’qé,y:.\’é-m% i 8] 1 Oyynan Guws a»aimi]

+ JBEp,., Lo § o Bain -2 F,, 26 Los émﬂ‘%)

In order to calculate the actual value of this
plegzoelectric coefficient, it is first necessary to de-
termine the values of the vibration direction cosines

e<X 3 P and ¥ . These are obtained from Eq. 13 and
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the direetion cosine relationship.

Ll + Blip + ¥ )p =2
iz # Bfaiz +¥ [3=37 (35)
Lf» +Bf5 + & o3 =07

, 2.
A P ¥ =

When the appropriate values of the modull, 1j, calcu-
lated from Eq. 20, are substituted into the preceeding
equations the following direction cosine values of this
particular vibration are obtained

o = .975¢ B= ~of62 V= .ol82%
The effective piezoelectric coefficlent, given by Eq. 34,
is then determined.

€ = 1.5x10% statcoulombs/cm?
temperature coefficient
The calculation of a sero temperature coeffi-

Analysis of the range of low

cient plate is based upon elastic coefficients and tem-
perature coefficlients which have been experimentally
determined at a given temperature. Consequently these
coefficients are only applicable at that temperature or
over a limited temperature range about the given temper-

ature. Therefore when a gerc temperature coefficient is



ealculated there is no indication of the length of the
range over which the coefficient is zeroc or very low,
However & semi-quantitive analysis can be applied to ex-
plain the difference in this range between plates which
have nearly similar expressions for their effective elas-
tic coefficient,

As derived earlier; the effective elastic co=-
efficient, ¢. , for a plate with the orientation of
P = 709541 and & = 59°10' is given by

0 = Cu oo Ppain’0 + Cgu 0in "B ain 7o

$Cyy 02 26 ~ 26,y ain & t0a B 8mE

By using analgous considerations as those
which led to the preceeding equation it can be shown that
the effective elastic coefficient for the AT plate, which
has orientation angles of ¢ = 00% and & = 5,04L5¢, is
given b;’. _ C“A';'"’é t Cuy twa aé —2Ciy Bn O W2 O
where the subscripts, 1 and 2, are used to differentiate
between the two plates. Differentiation of both of these
expressions with respect to the temperature results in
equations which show the change in ?vdue t0 a change in

the temperature.

%}‘ = Cu 2"(“ mzéﬁ‘:"fé +(‘6 f&o“:"z¢“u"zé)

FCoy ACyy t02°6 ~2C, X2, 0im & toa 88400
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and

dpgz = Cos ACu tin %o 4 Coy Fw oo
A 2G4 ain b we & (b)

Reference to Table 1 shows that tﬁll and tc&k are nega-
tive wvhile ey, and tegg are positive. However, because
of the negative sign of the clk term, the term involving
Cgp 18 the only positive term im either equation.

The following data are taken from the paper of
Atanasoff and Hart (1) who have determined these
elastic coefficlients at temperatures of 0°C and 100%.

0% 100°¢

1y  87.7x1010 aynes/em®  87.3x101° aynes/ca?
Coe  40.5x10%0 dynes/cm? 141.2x1010 gynes/em?
Cily 55.9:1010 dynes /em? 55 0x1010 dynes/enz
iy l7.3x1010 dynes/emz 17.9x1010 dynes/baz
From this data it is seen that the values of both Cyy
and CAA decrease as the temperature increases, Since the
twe terms involving these particular coefficients are
already negative, the result is a2 leeser negative value
at the higher temperatures. The value of 666 increases
and, since this term ig already positive, the result is
a greater positive value. Similar considerations show

that the Clh term has & larger negative value at the
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higher temperaturee. Thus, the first three varistions
tend to make the resulting change in Eq. (a) and Eq. (b)
more positive while only the al& term tends to make the
resultant change more negative, A comparison of the
respective values of the elastic coefficients shows that
the clh ters is so small 5emparad with the other terms,
that the final tendency in ari"z {s to become more
positive at the higher temperatures, This explains the
reason for the accelerating increase in frequency as
the temperature increases, Yore important, however,
this analysis indicates the possibility of obtaining a
plate havinz a sero temperature coefficient at a higher
temperature than the AT plate, This possibility is
seen from a comparison of Eq. (a) and Bq. (b)e The two
expressions differ by the presence of the trigonometric
functions of ¢ and Gy; term in Eq. (a). The term in-
voelving Gn is multiplied by (e e which makes this term
very small &8s corpared with the others, Therefore, if
this term is neglected, the resulting expression of
Eq. (&) differs from that of Bq. (b) by the presence
of the trigonometric function of the snzle @& . S8ince
both expressions tend to become more positive at higher
temperatures, the presence of the function of @
in Eq. {(a) makes this resulting change less than that
of Egq. (b). Consequently a higher temperature must be
reached before the frequency of a plate with an
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effective coefficient given by zr, starts increasing.
If & zero temperature coefficient plate could be found
in the region of 4b ® 70954t and 6 = 59°10', then
this plate could be expected to have the zero coeffie.
cient at a temperature higher than that of the AT. It
was for this reason that this particular region was
chosen fer the investigation.
Since the frequency expression
=35 |[¢/e

also involves both the thickness, & , and the density,

€ » it might be expected that changes in these two
parameters due to changes in temperature, would render
the preceeding analysis erroneous. This, however, is
not the case since the density change is independent of
the orientation while the change in the thickness is
dependent only upon the angle © . Since this angle is
nearly the same in both cases, the respective changes
in thicknesa, and therefore the resulting changes in

frequency are approximately the same.



Chapter IV
EXPERIMENTAL PHOCEDURE

Althouzh theoretical considerations led to the
possibility of obtaining a plate with a higher zero
temperature coefficient than that of the AT plate,
experimental work was still necessary to determine
whether the particular cut had useful properties, Among
the properties which had to be determined experimentally
were the electrical parameters; the range of temperature
in which the temperature coefficlient was nearly zero,
and the freedom of the oscillator plate from coupling

with spurious modes.

Preparation and mounting
After the proper orientation was achieved,

several blanks of quartz were cut and circular plates
were made from thesé blanks. These plates were lapped
until the thickness was approximately .018 inches. The
plates oscillated with a frequency of about &xleé ey~
cles/sec. The diameters of the plates were approximately
«55 to .60 inches. After the plates were contoured,

they were plated with aluminum and wire mounted as

shown in Fig. 4.

~y
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Fig. 4.--fire mounted oscillator plate
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Temperature coefficient and activity
The range of temperature over which the crystal

units have low temperature coefficients was determined by
plotting the frequency against the temperature., The
erystel unit was placed in an oven whose temperature was
varied from -55°C to 130°C. The frequency was measured
at five degree intervals as the temperature was varied
through this range. The activity of the erystal unit was
observed and also plotted as a function of the temper-

ature,

Frequency spectrum

In order to determine the presence of any spur-
ious modes which mizht interfere with the behavior of
the oscillator plate, it was necessary to record the
frequency spectirum over a wide frequency range about the
desired mode of vibration. A block dlagram, which ine
dicates the method for recordingz the spectrum,is shown
in Figz. 5. The crystal unit was placed in a drive os-
cillator and the frequency varied mechanlcally at a con-
stant rate, As the crystal unit approaches a resonance
frequency, the current through the unit increases and
there is a larger voltage drop across the resistor RZ’

As indicated in ®ig,., 5, this chanzing ¥oltage is rectie-
fied and recorded by a Speedomax recording potenticmeter,

Since an increase in current corresponds to an increase



l l _ To rectifier and
drive l recording
oscillator R R potentiometer

1

v

X = crystol unit

Fig. 5.--Method of recording frequency spectra




in the admittance of the crystal unit, the resulting re-
cord on the Speedomax recorder can be interpreted as the
rescnance curve i,e, admittance plotted against frequeney.
The resistors Rl and Rz must be much smaller than the
resistance of the crystal unit so that the effective
resistance is very nearly that of the erystal unit and so
that these two resistors will short circuit any stray
reactances and insure the series resonance operation of

the crystal unit.

Electrical parameters
The equivalent circuit of a resonator, whiech

vibrates in a mode free of coupling, can be represented
by the circuit shown in Pig. 6.

The inductance L and the capacitance C are the
electrical analogues of the mass and compliance of the
quarts plate and R is associated with the energy losses
in the plate and 1ts mountings.

co is the capacitance of the unit when conside-
ered as an ordinary condenser with the quartz plate as
the dielectric between two electrodes. This particular
parameter was measured by the substitution method.

The other electrical parameters, L, K, and €
were measured with the Crystal Impedance meter which was
designed specifically for this purpose by the Signal Corps.
Engineering Laboratories (10).
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Fig. 6.--The equivelent circuit of u« cerystzl resonator.




a3

Chapter V
PRESENTATION AND DISCUSSION OF DATA

The low temperature coefficient

As pointed out in Chapter III the value of
the effective elastic coefficient used in the calcula~
tions was that of the modulus /Ei. This value was de-
rived for the point, @ = 70°54' and & = 56%06' and,
therefore, at any other point, /Ef will not necessarily
be the actual effective elastic coefficient. Conse-
quently an error in the final results should be expected
since the calculations did not yield a sero temperature
coefficient at this exact point. This error was demon-
strated experimentally when the sero temperature coeffi-
cient was obtained at an angle of 55°43' instead of the
calculated position of 56°06'., A more significant in-
dication of the error involved in the approximation is
obtained by calculating the value of the actual %’ from
Eq. 18. When the trigonometric values are substituted
into this relatiornship the result is an effective elastic

coefficient of 106 50 .
g = 330X/ 4@71«.»/0_“

as compared to the approximate value of the elastic



coefficient of

% 2 33.3 x lﬁledynes/cm2
However since the experimental values of the basic elas-
tic coefficlents, cij' can be considered accurate to only
two or three percent, the approximation would seem to be
Justified.

Fig. 7 shows typical frequency~temperature
characteristics for these plates., Flates which were cut
at slightly different angles are shown to illustrate the
dependence of the shape of the curve upon the angle of
cut. As indicated in this figure, the best frequency
stabllity for the limited range of 4L0°C to 90°C is that
for a plate with an angle © of 55%4,5', The plate with

an orientation angle of & = 55%°,3' gives the best fre~
gquency stability over the wider region of 39“0 to 110%
and this plate also shows the beat stability at temper-
atures of around 100°C. Consequently a plate with
angles of 70°54' and 55°L3' seems to gzive the best per=
formance for the desired purpose.

Fig. 8 compares a typical curve for this
plate with that of an AT cut. These plates have the
same frequency and both plates are cut at angles which
give the best frequency stability over their respective
temperature ranges. 1t is seen from Fig. 8 that the

shapes of the curves are nearly identical but that the
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low coefficient range of this new plate has been trans-
lated upward about 30 degrees. Both of these plates will
maintain a frequency which only varies about »,00025
percent over a temperature ranze of approximately 70
degrees, The respective temperature ranges of the two
rlates, over which the frequency variation is only
+.00025 percent are indicated in Fig. 8,

It is evident that the zero temperature co=
efficient rance in this cut is extended to a hizher
te-perature than in the AT plate, Consequently the anale
ysis given in Chapter YIT, which predicted this possi-
bility, justifies the cheice of this particular region

for the investigation.

Frequency spectrum and activity
From Chapter III the cubic equation in 5’ was

given by

[r-Jf-df-g+ 2 P
-] - [rg] ~[F-F »

If the coupling moduli, 12, 13, and 23, were zero the
three coefficients would be given by

and the resulting vibrations would be independent of each
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other, In this ideal case the first vibration represents
a shear in the XY plane, the second a shear perpen-
dicular to the XY pilane, and the third a lonzitudinal
vibration in the thickness direction.

In this new plate all three vibrations are
present and, since the coupling moduli are not exactly
gero, each vibration is coupled slightly with the
others, However the shear motion utilized is the only
vibration which has a szero temperature coefficient and
this mode slso has a much higher piegzocelectric coefficient
s0 that there is no tendency for the plate to oscillate
in either of the other modes of vibration.

The frequency spectrum shown in Fig. 9 is typ~
ical of these circular plates before any contourinz is
done, The wvibrational modes at the higher frequenciea
are the inharmonic overtones which are present in all
thickness vibrations. With one exception the resonance
curve for this fundamental mode was free of undesired
spurious vibrations for the particular temperature at
which these measurements were made, It is assumed that
this one spurious resonance is probably due to coupling
with the harmonic of a low frequency shear mode. When
the plates were contoured the undesired mode vanished
as indicated in Fig. 10. Since contouring highly damps

a face shear vibration, this assumption would seem to



Admittance

5010

000 0
%requency in Kilocycles 499

Fig. 9.--rrequency spectrum oif « i'lat plate

4980

6S




sdmittance

5010

5000 o 4990
, Frequency in xilocycles
Fig. 10.-~-irequency spectrum ol & contourad plate

1,980

09



a2
O

be valid.,

The activity of these crystal units is prace-
tically constant over wide temperature ranges if the
crystal unit is vibrated at low amplitudes. A typical
curve for these platesg, with activity plotted against
terperature is shown in Fig. 11, Since the activity
over a wide temperature range is a good measure of the
presence of interfering modes, these platesz would seem
to be more nearly independent of undesired coupling with

iimensional modes than are the AT plates,

The frequency constant

As pointed out earlier in this paper, the fre-
quency of an infinite plate which vibrates in a thick-
ness mode is given by

/z;ﬁ;Vﬁ/g

[+
# =5l 8/

and is defined as the frequency constant.

from which

where

The density of quertz is 2,65 gm/em3 and the
value of g for this cut is 33 dynes/cuz. Hence the
irequency constant, H, is

H = 69.5 x 103 inches/sec,
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S8ince the frequency constant of the AT plate is
66 x 10° inches/sec, a given thickness will result in
a higher frequency in this new plate.

The experimental value of the frequency con-
stant for this particular shear vibration of the new cut
was also determined. This value of H » 69,7 x 103 in-
ches/sec compares very favorably with the calculated
value given above.

The frequency constants of the other two modes
of vibration in this plate were determined both experi-
mentally and theoretically with favorable sgreement
in both cases also., The other shear mode of motion has
a frequency constant of approximately 77 x 103 in-
ches/sec which represents a frequency about 10 percent
higher than that of the mode which is utilized. The
longitudinal mode has a frequency constant of approx-
imately 121 x 103 inches/sec. and the frequency is about
twice that of the desired shear vibration.

Electrical parameters

The values of the electrical parameters of
this new plate are of the same order of magnitude as
those of the AT with similar contouring and dimensioning.
For a plate which has a contour of 2.5 diopters over

one third of its radius and which has plating over the



non-contoured area, typlcal parameter values are
L = 70 x 10™> henries
¢ = ,015 x 10~12 farads
R = 15 ohms

1

The values of the Q which are given by
Q@ = arrgﬂﬁ
R

are of the order of 135,000 to 150,000,

Summary

Since the immediate purpose of this investi-
gation was to attempt to find an oscillator plate whieh
might satisfactorily replace the AT for operation at
higher temperatures, this chapter has been both a
discussion of the data of this new plate and a comparison
of the two typeés of resonators. The preceeding has
shown both advantazes and disadvantages of this new
~ plate as compared with the AT.

The main advantage of this new resonator is,
of course, that it has a zero temperature coefficient at
a temperature higher than that of the AT. The new plate
is also more nearly independent of undesired spurious
modes than the AT cut, a characterlstic which results
in a nearly constant activity over a wide temperature
range., A third advantage is the higher frequency con-
stant which results in & higher frequency for a given

thickness.
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The two disadvantages of this new plate are the
more difficult orientation and the lower activity because

of a weaker plezoelectric coefficient,

Plate notation

The Committee on Standards of Piezoelectricity
has also recommended a system of notation for defining
the orientation of a resonator in the quartz crystal.
However, since this notation involves an axial system
which defines the resonator in terms of its edges and
rotations about its edgzes and since, of necessity, the
normal to the plate was used in this investigation, the
system sdopted by this Committee was not used. However,
in keeping with their recommendation this particular res-
onator will be defined in terms of the adopted notation,

Under this system the plate is assumed to be
rectangular and is defined by successive rotations about
its edges. Its initial orientation, before any rotations
take place, can assume any one of six orientations. This
initial orientation is that orientation in which the
thickness, length, and width of the resonator fall along
the X, Y, and Z axes but not necessarily respectively.
However this initial position must be definitely stated.
The zeneral orientation is defined in the following

manner.
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A. The first two letters indicate the initial pos-
ition.

(a) The first letter is x, y, or 2z and in-
dicates the direction of the plate thickness before any
rotations have been made,

(v} The second letter, also x, y, or z, in-
dicates the direction of the length before any rotations.

{¢) These two letters completely specify un-
notated plates.

B. The remaining letters indicate the edges of the
plate which were used as the axis of rotation.

{(a) The third letter is t, 1, or w- according
to whether the thickness, length, or width direction is
the axis of the first rotation.

(b) The fourth letter denotes the edge used
for the second rotation.

{(c)] The fifth letter denotes the edge used for
the third rotation.

C. These letters are followed by a list of rota-
tion angles d? » & s @ ; angles negative in sense
are indicated as such by a negative sign.

(a) A positive angle means a rotation counter
clockwise as seen looking toward the origin from the pos-
itive end of the axis of rotation.

(b) The positive ends of the axes t, 1, and
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w are the ends that initially pointed in the positive
direction of the three coordinate axes.

To illustrate this method and, at the same time,
to follow the recommended notation, this new plate will
be defined as outlined above, If the initial position is
chosen, as shown in Fig. 12«3, with the thickness in
the Z direction and the length in the I direction, then
the first two letters are zx. The plate is then rctated
about the thickness by an angle of 7054 as shown in
Fig., 12-b. The second rotation is about the width by
an angle of 34L°17' as indicated by Fig. 12-c. Then the
final orientation of this plate is given as

sxtw 70°541 /349171

Eecommendations for further study

A study of theoretical interest which has
arisen &s a direct result of this investigation would be
the extension of the analysis of the low temperature
coefficient range as given in the theoretical analysis.
This extension could be accomplished by using the effec-
tive elastic coefficient of the BT plate as well as
those of the AT and this new cut in the following
manner. The average rates of change, with respect to
the temperature, of the elastic temperature coefficients
teggr tCyy? and tey, have been calculated by Koga, as
given by Cady {5:139). The fourth temperature coefficient
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”ell’ involved in the elastic coefficient expression of
the new cut could be obtained with the aid of the above
data. If the results of Atanasoff and Hart, which are
given in Chapter III, are applied along with Koga's
results, it might be possible to appraiimaaely predict
the shape of the frequency-temperature curve in the region
of the sero temperature coefficient.

Since only a particular rezion in the quarts
crystal was investigated in this work, there sre
numerous possibilities of obtaining other gzero temper
ature coefficient plates. As pointed out in the
theoretical analysis it would seem to be possible to
vary the region of the temperature coefficient to suit
a desired purpose.

An analysis of the work of Bechmann, as given
by Cady (5:14k) suggests another possible study. At an
angle of ®=80° ana © = 120%°, one shear vibration
has a positive temperature coefficient nearly equal to
a negative temperature coefficient of the other shear’
mode. These results also show that the frequency cone-
stants of the two modes are nearly equal at this point.
If the piezoelectric coefficients of the two modes were
alsc nearly identical, the coupling between the vibrae
tions might possibly result in a zero temperature
coefficient-plate. The equations derived in this study
would be directly applicable to such an investigation.



Another study which might prove useful come
mercially, would be to determine the value of this new

oscillator plate for use as a harmonic crystal plate.

70
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Chapter VI
SUMMARY

The AT crystal units being used at present in
commercial radio sets have a zero temperature coeffi-
cient at approximately 70°C. Very often these sets reach
temperatures as high as 100°C where the frequency of
the AT crystal unit changee rapidly with temperature.

Due to the increasing emphasis upon frequency stability
there has arisen a need for a quartz oscillator plate
which has a sero temperature coefficient at these higher
temperatures.

The Christoffel method for thickness vibra-
tions was used in this study to determine a new quarts
oscillator plate by multiple rotations about the crystal-
lographic axes.

After the position of the desired plate was
determined, measurements were taken to determine its
properties, The electrical parameters-inductance, cap=-
acitance, and resistance - of the circular, contoured,
wire mounted plates were determined with the Crystal
Impedance meter., The frequency spectra of the crystal
units were recorded by a Speedomax recording poten-

tiometer. The temperature coefficient and activity
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characteristics were obtained by plotting changes in
frequency and activity due to chanzes in temperature.

It was found that this plate has a favorable
low temperature coefficient for the purpose desired.

The shape of the frequency~temperature curve is similar
to that of the AT plate, but the range of the low
coefficient ie moved up about 30° in temperature.

If cut at the proper angle this quartz plate
has a frequency variation of about & .0002% within
the temperature rangze of approximately 30° to 1109,

The activity of this resonator is somewhat lower than
that of the AT unit. However, the freedom from un-
desired spuriocus modes is better than the AT plates. If
vibrated at low amplitude this new crystal unit maintains
a remarkably constant activity over the entire temper-
ature range of -559C to 130°C.

Although harder to produce because it is a
multiple rotated plate, this cut seems to be more desir-
able than the AT plate if operation at temperatures
higher than 70°C is desired.
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The original data upon which this thesis is based are on
file in the Department of Physics of Coloredo A&M College.
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\4 e ABSTRACT

Of the several plezcelectric crystals which
might be used as resonators to control the frequency of
eleatron tube oscillators, quartz has the most extensive
application. The most important reason for this wide-
spread use of quarts is that resonators can be cut from
the quartg crystal in such a way that their mechanical
frequencies are nearly independent o{ temperature, at
least over limited temperature ranges.

One of the quarts crystal platcs being used
at present in commercial radio sets is the AT plate
which has a zere temperature coefficient at approximately
70°@. Very often radio sets reach temperatures as high
as 100°C where the frequensy of the AT crystal unit is
no longer nearly constant but changes rapidly with the
temperature. The present day emphasis upon frequency
stability has resulted in a need for a quarts oscillator
plate with a sero temperature coefficient at temperatures
higher than 709C,

The problem

Is it possible to obtain a quartz crystal
resonator, with useful properties, by multiple rota-
tions about the crystallographic axes?

Froblem analysis

l. Wwhat are the frequency-temperature char-

acteristics of oscillator plates obtained by multiple



rotations?

2. How is the pieszscelectric coupling affected
by the rotation?

3. What are the electrical properties of
quarts plates obtained in this manner?

4o How doeg multiple rotation affect the
frequency spectrum?

Delimitation.--This study is limited to those
quartz plates which vibrate in a thickness shear mode
of motion and, in particular, to a plate which has a
Zzero temperature coefficient,

Definitions

l. A resonator refers to any piezoelectric
device which has & natural mechsnical frequency or
frequencies, and is vibrated electrically at or near
this frequency.

2. A temperature coefficient, unless other-
wise specified, expresses the change in frequency with
respeet to a change in temperature, this ratio being
divided by the frequency.

3, In this study, both a plate and a cut
are terms used to denote reéonatora which vibrate in a
thickness mode only and which may be either circular or
rectangular,

Le Frequency stability refers to the ability

of the rescnator to maintain a nearly constant frequency



when some parameter is varied., Unless otherwise stated
this parameter is the temperature,

5¢ The activity i3 a measure of the grid
current in the oscillator whose frequency is being con-
trolled by the resonator. It is an indication of the
quality of the resonator,

6, A rotated plate or cut refers to & plate
whose normal is not parallel to one of the crystallo-
graphic axes. A single rotated plate is a cut whose
normal is perpendicular to one of the crystallographic
axes. A double rotated plate refers to a plate uheéc
normal is not perpendicular to any of the axes.

7. Contouring refers to the procees of
changing the surface of a plate from plan@ to convex.
The degree of contour refers to the amount of convexity.

8. The frequency spectrum of a given reson-
ator is the representation of the different vibrational
modes or resonance points of the resonator over & glven

raenge of frequencles,

Theoretical Analysis

The calculation of a sero temperasture coeffi-
cient plate, which vibrates in & thicknesg shear mode
of motien, involves a theoretical consideration of
thickness vibrations in general, The expressions
obtained through these considerations can then be applied

to a particular type of thickness vibration to determine



its individual characteristics.

The expression for the effective elastic coeffi-
cient of thickness vibrations in general 1s derived by
applying the Christoffel method to the equations of
motion of an elemental volume of an elastic solid which
is undergzoing stress., The resulting expression shows
that in the general case there are three possible thick-
ness vibrations and any one vibration may be coupled
with the others,

At the point ¢} = 70°54' and 8 = 59°10', as
based upon the angular system shown in the following
figure, one of the vibrations is independent of the
others because two of the coupling moduli vanish. By
an analysis of the axprésaiona for the effective elastic
coefficients for a plate with an orientation of & = 70054
and © = 59°10' and the AT plate, it is found that if
the former piate has a gero temperature coefficient, then
the low coefficient range occurs at higher temperatures
than for the AT, Therefore this particular region about

$ = 70954 and @ = 59°10' was chosen as the region for
investigation,

The equation for the effective elastic coeffi-

cient, i} » @t this point is given by
. 2 . % .2
= Critao ' Poim 0 tCstpin Gom 6

FCyy @ ZO =2Csy £im P 026 BImE



2.--Orientation of an arbitrary glane.

L----o-v----— - - -

ye co—o.«¢r.ume
mzn P aine
M= e g




The expression for the frequency of an in-

finite plate with a wave proparated in the thickness

=3z \ b

where (A is the thickness and € the density.

direction is

Differentiation of this frequency expression,
with respect to thec temperature, leads to the following
relationship;

ap,c/{ [;f/g d’:/o ‘Qéx/«]

where, for s variable / the quantity 'ﬁ%fjéL is
defined as the temperature ceoefficient of L .+ 3ince the
temperature coefficients of the density and the thick~
ness are known, 1t remains to find the value of Z‘g{‘/g
which will result in :ﬁ%ﬁé{ being zero. In the
expression for the effective elastic coefficient, ﬁf N
wbich was given earlier, the elastic constants, C;i »
are known so it is only necessary to determine the
values of the angles, ® and @ , which will satisfy the
relationship., It is found that for ¢ = 70°54', th
quantity fa‘(// becomes zero at © = 569061,

To determine whether this particular vibration

can be excited, the value of the appropriate plezoelectric



coefficient must be determined, The expression for this
coefficient is derived in a& manner analogous to that
used for obtaining the élastic coefficient, The general
expression for the piesoelectric coefficient for any

thickness vibration in quarts 1s given by ,

€= 0([;1,[:@34”‘]-/ oy MMJ‘?ﬂ Z:f,,,anﬂ.?p”m:’?

where K , P , and ¥ are the direction cosines of
the particle displacement.

Experimental Frocedure

Although theoretical considerations indicate
the possibility of obtaining a plate with & zero temper-
ature coefficient at a temperature higher than that of
the AT plate, it was necessary to determine experi-
mentally whether the particular cut had useful properties.
Among the properties which had to be determined were
the electrical parameters, the range of temperature over
which the temperature coefficient was nearly zero, and
the freedom of the oscillator plate from gcoupling with
spurious modes.

The low temperature coefficient range was
determined by plotting the frequency against the tewpera-
ture, The ¢rystal unit was placed in an oven whose
temperature was varied from -55°C to 130°C, The frequency

was measured at five degzree intervals as the temperature



was varied through this range. The activity of the
erystal unit was observed and plotted as a function of
temperature,

The frequency spectrum was recorded by placing
the crystal unit in a drive oscillator and varying the
frequency mechanically. A measure of the impedance of
the c¢rystal unit at the points of resonance was recorded
by a Speedomax recording potentiometer,

The electrical parameters . , £ , and C were
measured with the Crystal Impedance meter, The shunt

capacitangce C, was measured by the substitution method.

Fresentation of data

As predicted by the theoretical analysis this
new plate has a zero t enperature coefficient at higher
temperatures than the AT. Typical frequency-temperature
characteristics for the new plate and the AT plate are
compared in the followinz figure. Both of these plates
will maintain a frequency which only varies about
& +00025% over & temperature range of approximately 70°¢C.,
The respective temperature ranges of the two plates,
over which this frequency tolerance is achieved, are
indicated in the Cigure.

The resonance curves of these plates are

extremely smooth and, hence, these new plates would seem
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to be more nearly independent of coupling with spurious
modes than is the AT, If vibrated at low amplitudes
the new plates maintain a nearly constant activity over
the temperature rance of -55°C to 130°C.

The values of the electrical parameters are
of the same order of magnitude as those of the AT plate,

The plezoelectric coefficient of this cut has
a value of 1.5 x10% statcoulombs/cm? which is about
one-half that of the AT plate,

The frequency constant for this plate is
69.7x103 inches/sec as compared to the frequency con-
stant of the AT which is 66x103 inches/sec. Consequently
a given thickness results in a hirher frequency in the

new plate,

necommendations for further study

Since only a particular region in the quarts
crystal was investizated in this work, there are numerous
possibilities of obtaining other zero temperature coeffi-
cient plates, A specific study of this sort would be to
analyse the region where the temperature coefficient
of one shear vibration is negative while the termperature
coefficient of the other shear mode is positive. The
coupling effeet between the two modes might result in a
plate having a zero temperature coefficient over a very

wide range. Another possible analysis would be the



extension of the procedure which predicted the low
coefficient range at higher temperatures. It would seem
possible to actually predict the shape of the eufve in
the region of the zero temperature coefficient. The
equations derived in this study are directly applicable
to all of these previously mentioned investigations.
Another study which might prove useful commer-
cially would be the determination of the value of this
new oscillator plate for use as a8 harmonic crystal plate

and for use in filter applications.
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