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This - invention relates to 'piezoelectric -cerystal
apparatus and ‘particularly to thickness s}:ca,r
mode Dpiezoelectric crystal elements -comprising
crystalline ammonium -dihydrogen phosphate

(NH4H2PO4), "potassium dihydrogen phosphate
(KH:PO4),  ammonium - dihydrogen arsenate
(NH4H2AS804), -potassium dihydrogen arsenate

(KH2AS0O4) and isomorphous combinations.

This application is-g division -of my copend-
ing application for Piezoelectric crystal-appara-
tus, Serial No. 497,883, filed-August 9, 1943, now
Patent No. 2,450;010. -Such- crystal elements are
useful as electromechanical transducers utilized,
for example, :in sonic-or supersonic -projectors,
microphones, -pick-up *devices ‘and detectors.
Also, they may be -utilized as frequency control
elements in electric wave filter systems, oscilla-
tion - generator -systems and amplifier -systems.
Other applications for-such crystal elements may
include harmonic- producers, and, in general, any
application where either a resonant or non-
resonant piezoelectric - crystal element may be
utilized. 'The non-linear hysteresis loop charac-
teristics of the non-resonant crystal may be: made
use of to produce overtones or harmonics there-
from.

One of the obJects of this invention is to pro-
vide useful orlentatxons and modes -of motion in
crystal elements made from crystalline ammoni-
um d1hydrogen phosphate potassmm dlhydrogen
phosphate ammomum dlhydrogen arsenate, po-
tassium dlhydrogen arsenate and isomorphous
combinations,

Other ‘objects of thlS 1nvent1on are to proV1de
crystal elements comprising dlhydrogen phos-
phate and arsénate substances that may possess
useful characteristics, such as -large plezoelec—
tric constants, large v1brat1ona1 motion, m1n1mum
coupling of the desired mode of motion w1th un-
desired ‘modes of motion therein, and temper-
ature coefficients of frequéncy that may Have the
re]atlvely lower values.

Another object “of fhis’ 1nvent10n is to ‘take
advantage of the high plezoelectnc actxv1ty, the
low cost and otheér advantages of crystalhne am-
monium dlhydrogen phosphate and ‘similar “di-
hydrogen phosphate ‘and arsénate ctystals.

Crystal elements of sultable or1entat10n ‘cut
from crystallme animonium dihydrogen phos-
phate, potassiim dihydrogen phosphate, potas-
sium dihydrogen arsenate, ammonium dihydro~
gen arsenate and 1som0rphous combinations
thereof may be ‘ex¢ited in differént modes of
motion, ‘such as longltudlnal length longltudlnal
width or longltudmal thlckness modes of motlon
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shear face modes"of motion-coritrolled mainly by
the ‘width and length major face dimensions, or
thickness shear modes of motion controlled main-
1y by the thickness dimension. Also, low fre-

‘quency “flexural modes of motion of either the
‘width bending flexure type or the thickness bend-

ing flexure -type may be utilized. ‘The contour
or face modes of motion may be either the face
shear -mode -of motion, or the "width or length

face longitudinal-modes of -motion, as disclosed

and -claimed in ‘my -parent appllcatlon Serial
No. 497, 883, hereinbefore referred to. ‘The thick-
ness modes -of motion may ‘be either the thick-
ness longitudinal mode*of motion as involved in
my copending -application, Serial No. 637,126,
filed December 24,"1945-now Patent No. 2,450,011,
or the thickness -shear mode of motion as in-
volved in the:present-application. 'These modes

-of motion are similar in the general form of their

motmn to those of-corresponding names that are
already known in connection ‘with quartz, Ro-
chelle salt, and other known piezoelectric crys-
tals.

Crystal elements composed of crystalline am-
monium dihydrogen phosphate,  potassium di-

‘hydrogen phosphate, potassium dihydrogen ar-

senate, ammomum dlhydrogen arsenate and iso-
morphous’ ‘combinations may have piezoelectric

‘and elastic” constants’ or ‘moduli of eonsiderable
'1nterest for use in’ électromeéchanical transducers,

filter - systems and osclllator 'systems, for ex-
ample. In ' accordance ‘with this invention, a

'number of crystal orlentatlons or'cuts are pro-
‘vided ‘that may be - umhzed for these purposes
-and -otheérs.

The ‘types “of “‘crystal cuts may be
divided into several catégories, such as (@) crys-

-tal cuts that ‘have’ relatlvely darge piezoelectric
‘eonstants and ‘Herice may be driven strongly pi-

ezoelectncally, (b) ‘erystal cuts that have advan-

‘tageous “elastic ‘préperties, such that the longi-
‘tudinal 'face modes of -motion therein are frée
‘from coupling to the face shear modes of motion
“therein, and - face ‘shear mode: crystal elements
‘that “are free from coupling "with other modes

of motion therein, and (c) crystal cuts that may
have -the-relatively lower values of ‘temperature

-coefficients of frequeney.

‘Crystal -elements -comprising ammonium- dihy-

-drogen -phosphate, * potassium * dihydrogen phos-

prhate, ammonium -dihydrogen -arsenate, potas-
sium-dihydregen - arsenate -and-isomorphous com-
binations also - possess - ferroelectric - properties
stuch as large dielectric constants, -hysteresis
loops-‘and’ non- llnearlty of charge field relation-

‘ships ‘below theiir crxtlcal or Curie temperatures
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of about 115° XK., 91° K., 155° K. and 220° K
respectively. These crystal substances also pos-
sess high piezoelectric constants at room temper-
atures, which, in general, are larger than those
of most other piezoelectric crystals except Ro-
chelle salt, Ammonium dihydrogen phos sphate
crystals have relatively the largest piezoelectric
constants of any of the four isomorphic dihy-
drogen crystal substances mentioned, and are
relatively easy to grow in shapes and sizes that
are suitable for cutting useful plate‘s’ or elements
thereirom.
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4

shear mode or face longitudinal mode crystals,
and by adjusting the length and width dimen-
sions relative to the thickness dimension in the
case of thickness mode crystals, such as thickness
shear mode crystals or thickness longitudinal
mode crystals. Also the effect of spurious modes
in these face mode and thlckness mode dihydro-
gen crystals may be reduced by ‘the use of cen-
trally disposed electrodes partially covering the
major faces of the crystals, in the manner of such

- ‘partial electrodes -as are now used in connection

The ammonium dihydr ogen phosphate crystals .

for example, may have properties somewhat simi-.

lar to 45-degree Y-cut type Rochelle salt crystals
but will stand a much higher operating tempera-

ture which may be of the order of about 180° C.

or much higher, and also have no water of crys-

tallization and hence will not dehydrate when

operated in air or in vacuum. The temperature
coefficients of frequency for certain of the prin-
cipal cuts are roughly of the order of 100 to 300
parts per million per degree centigrade.. The
dielectric constants decrease slightly with an
increase in temperature while the piezoelectric
constants relating charge and stress are nearly
independent of temperature. Since the ammo-
nium dihydrogen phosphate crystals have the
relatively higher values of electromechanical
coupling, and are free from water of crystalliza-
tion which eliminates dehydration in the crystal,
and will stand relatively high operating tempera-
tures of the order of 180° C.; or more, they are
useful as driving elements for all transducer ap-
plications, such as projectors and microphones
in underwater sound work, for example.  Also,
this type of crystal may be used as a substitute
for quartz frequency control elements in filter
and oscillator applications, especially when used
with temperature control. For the lower fre-
quency filter applications, the crystal cuts having
the relatively lower temperature coefficients of
frequency may be used at ordinary temperatures
without temperature control.

Although all four of the crystalline dihydrbgen'

substances particularly mentioned herein have
relatively large piezoelectric constants and other
useful characteristics, the ammonium dihydrogen
phosphate crystal elements may be constructed
to have the largest values of piezoelectric. con-
stants of the four crystalline dihydrogen phos-
phate and arsenate salts mentioned, and. also
generally, are relatively more easy to grow in
the sizes and shapes that are useful for cutting
crystal elements therefrom.

The crystal elements disclosed in this specifica-
tion may have conductive electrode coatings on
their major surfaces of any suitable composition,
shape, and arrangement, such as those already
known in connection with quartz, Rochelle salt
and other piezoelectric crystals; and they may
be mounted and electrically connected by any
suitable means, such as for example, by pressure
type clamping pins or by conductive supporting
wires cemented by conductive cement to the crys-
tal coatings at or near the nodal regions, as
already known in connection with quartz, Ro-
chelle salt and other crystals having similar or
corresponding modes of motion.

Spurious modes of motion may be avmded in
these crystal elements by a suitable dimensioning
of the crystal element, such as by adjusting the
thickness dimension thereof relative to the length
and width dimensions thereof, in the case of face
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with quartz crystals, for example.

For: a clearer understanding of the nature of
this invention and the additional advantages,
features and objects thereof, reference is made

_to the following description taken in connection

with the accompanying drawings, in which like
reference characters represent like or similar
partsand in which:

Pig. 1 is a perspective view illustrating the
prismatic tetragonal-scalenohedral form in which
ammonium dihydrogen ‘phosphate, potassium
dihydrogen phosphate,  potassium dihydrogen
arsenate, ammonium" dihydrogen arsenate and
isomorphous combinations thereof crystallizes,
and also illustrating the relation of the prism
faces and cap faces of such crystalline substances
with respect to the mutually perpendicular elec-
tric axis X, mechanical axis Y, and optic axis Z
thereof;

Fig. 2 is a perspective view illustrating the
orientation, in terms of the angles ¢, 6 and ¢, of
a crystal element cut from any of the dihydrogen
crystalline substances illustrated in Fig, 1, and
may be taken to illustrate the orientation of any
dihydrogen salt crystal element dlsclosed in this
specification; and

Figs. 3, 4 and 5 are perspective views illustrat-
ing the orientations of several types of thickness
shear mode crystal elements cut from any of the
substances’ ammonium -dihydrogen phosphate,

‘potassium dihydrogen phosphate and correspond-
'ing arsenate crystal substances as illustrated in

Fig. 1.

This specification follows the conventional
terminology as applied to piezoelectric crystalline
substances, which employs three mutually per-
pendicular X, Y and Z axes, as shown in the
drawings, to designate’ aJr_l electric axis, a mechan-
ical axis and an optic axis, respectively, of piezo-
electric crystalline substances, and which em-
ploys three orthogonal axes X', Y' and Z’' to
designate the directions of the axes of a crystal-
line plezoelectrlc body or element that is angu-
larly orlented with respect to such X, Y and Z
axes thereof.

This specification also follows the conventional
terminology used to designate the elastic con-
stants s and c, the piezoelectric constants d and
other constants of piezoelectric crystalline sub-
stances. As an illustrative example, the dss piezo-
electric constant means that a Z axis field repre-
sented by the numeral 3 may produce XY shear
motion represented by the numeral 6. If the das
piezoelectric _constant of the substance has a large
value, as it does in the case of the several dihydro-
gen salt crystals here considered, then a Z axis
field applied thereto may produce a strong shear
motion in the XY plane of the crystal body.

‘The value of the elastic compliance and shear
stiffness for rotated crystal elements may be cal-
culateq from the fundamental elastic matrix
given in Equation 1'in my parent application
hereinbefore referred to. One method of doing
this is by the short-hand matrix method dis-
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cussed in a paper “The mathematics-of crystal
properties,” by W. L. Bond, Bell System Technical
Journal, January 1943, page 1, using the matrix
where the axes X’, Y’ and 2’ of the rotated crys-
tals are related to the crystallographic axes X,
Y and Z by the direction cosines I1 to ns, I1 being
the direction cosine between X’ and X, ns the
direction cosine between Z’ and Z, ete.  Asshown
by Bond, the elastic corapliances of rotated crys-
tals are given in terms of the elastic compliances
of unrctated crystals by the product of the
matrices.

The direction cosines that cause the length di-
mension L of the crystal element to point in the
desired direction are used. For this purpose, the
system of angles illustrated in Fig, 2 is used where
the length L of the crystal is taken along the
X’ axis, the width W is taken along the Y’ axis
and the thickness T is taken along the Z’ axis.
The angle ¢ measures the angle between the Z
crystallographic axis and the 2’ thickness T axis.
The angle ¢ measures the angle between the Xz
plane and the ZZ’ plane and ¢ the skew angle, is
the angle between the length dimension L of the
crystal and the tangent to the great circle
through the Z and Z’ areas.

he elastic, dielectric and piezoelectric equa-
tions for crystalline ammonium dihydrogen phos-
phate, potassium dihydrogen phosphate, potassi-
um dihydrogen arsenate, ammonium dihydrogen
arsenate and isomorphous combinations are given
in my parent application hereinbefore referred
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to. These substances crystallize in the prismatic

tetragonal-scalenohedral form shown in Fig, 1
and as a consequence have six elastic compliances,
nemely, su1, 812, s13, 833, S44, and ses, and two types
of piezcelectric constants, namely, du=dszs, and
dze.

Referring to the drawing, Fig. 1 is a perspec-
t‘i"o view ﬂlustratmg the form in which ammoni-
dihydrogen phosphate, potassium dihydrogen
phcsphate, ammonium dihydrogen arsenate, and
potassium dihydrogen arsenate crystallizes. As
illustrated in Fig, 1, such isomorphic dihydrogen

crystal substances crystallize in the prismatic 4

40

tetragonal scalenohedral form and are formed -

with four major prism faces and with four cap
faces at each end. The optic axis Z extends be-
ween egch spex of the cap faces, and the mutu-

ally verpendicular X and Y axes, extend perpen- :

dicular to the four major prism faces. The sev-
eral culs or orientations of dihydrogen phosphate
and arsenate crystal elements hereinafter dis-
closed may be cut from the mother crystal | of
the substances and form illustrated in Fig. 1.
The mother crystal | illustrated in Fig. 1 may
be grown from any suitable substances, and in

any suitable manner such as, for example, by

either the circulation method or the rocking
method. As an illustrative example, the potas-
siuin salts, used in growing the mother crystal |
itlugtrated in Fig. 1, may be obtained from potas-
sium hydroxide and phosphoric or arsenic acid,
and the ammonium salts may be obtained from
ammonium carbonate and the corresponding
agids. Saturated solutions may be prepared from
these salts and the crystal 1 grown from watery
solutions at a gradually decreasing temperture in
any suitable manner. The crystal shape- illus-
trated in Fig. 1 may be varied somewhat to obtain
either needle-shaped crystals, or the more com-
pact or short prism form as illustrated in Fig. 1.
Ammonium dihydrogen phosphate produces short
and thick prismatic crystals at room tempera-
pure. If liquor is added in excess, all of these
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salts may be crystallized in short prisms at room
temperature. The short thick form of crystal I,
as illustrated in Fig, 1, is generally the more con~
vehient form for cutting the various orientations
of crystal plates therefrom.

Fig. 2 is a diagram illustrating the system, re-
cently defined by the Institute of Radio Engineers,
for specifying the orientation for a piezoelectrie
crystal element or body 2 in relation to its mutu-
ally perpendicular X, ¥ and Z axes. As shown in
Fig. 2, the X’ axis is taken along the length di-
mension L of the crystal element 2, the Y’ axis
is taken along the width dimension W of the
crystal element 2, and the Z’ axis is taken along
the thickness or thin dimension T of the erystal
element 2. The angle ¢ is, as shown in Fig. 2,
the angle between the optic axis Z and the plate
normal or Z’ axis, and the angle ¢ is the angle
between the 4X axis (4 by tension) and the in-
tersection of the plane containing the Z and Z’
axes with the XY plane, while ¢ is the angle be-
tween the length L axis X’ and the tangent of
the great circle containing the Z and Z’ axes as
measured in a plane perpendicular to the Z* axis.
All angles are positive when measured in a
counterclockwise direction. Fig. 2 is applicable
to a right-hand crystal, such as quartz, following
the crystallographer’s definition and the earlier
Biot convention. The positive (4) X axis is
the X axis for which a positive charge develops
on a tension stress being applied thereto.

The crystal element 2 of Fig. 2 may be cut from
any of the crystalline phosphate and arsenate
substances illustrated in Fig. 1, and, by specify-
ing the values for the three angles 6, ¢ and v of
Fig. 2 may generally designate the orientation of
any of the several crystal elements disclosed in
this specification and illustrated in Figs. 3 to 5
of the drawing.

Suitable conductive electrodes such as the
crystal electrodes 3 and 4 of Fig. 2 may be placed
on or adjacent to or formed integral with the op-

.posite major faces of any of the crystal plates

disclosed herein in order to apply electric field
excitation thereto. The crystal electrodes 3 and 4
when formed integral with the surfaces of any of
the crystal elements 2 may consist of gold, plati-
num, aluminum, silver or other suitable conduc-
tive material deposited upon the crystal surfaces
by evaporation in vacuum, painting, spraying, or
by other suitable process. If desired, the crystal
element 2 may be electroplated to the desired fre-
quency by nickel plating or otherwise.

The thickness shear mode crystal elements
illustrated in Figs, 3 to 5 may be utilized at the
relatively high thickness mode frequencies,
fundamental or harmonic, to generate high fre-
quency waves in liquids for submarine detection
and also may be used as frequency control ele-
ments in electric wave filter systems, oscillation
generator systems and for other purposes where
a relatively high frequency or thickness mode
crystal element may be desired.

Figs. 3, 4 and 5 are perspective view of thickness
shear mode crystal elements 38; 31 and 32 which
may be cut from crystalline ammonium dihydro-
gen phosphate, potassium dihydrogen phosphate,
potassium dihydrogen arsenate, ammonium di-
hydrogen arsenate and isomorphous combina-
tions, and made into a plate of substantially rec-
tangular parallelepiped shape with its major faces
having a length dimension L and width dimen-
sion W which may be of equal dimensions or with
one :dimension either longer or shorter with re-
The frequency determining
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thickness or thin dimension T betweenthe major
faces of the crystal elements 30, 31 and 32.is
perpendicular to the other two dimensions L'and
W, which may be dimensionally related to the
thickness dimension T to remove spurious fade g
mode frequencies from the region of the desxred
thlckness ‘mode frequency.

~"The thickness shear modes of motion in the
piezoelectric crystal elements 30, 3f and 32 of
PFigs: 3, 4 and 5 are similar to the same type of 10
shear motion that cbtains in quartz crystals and
may be similarly utilizéd in filfer systems and
osc111at01 systems, for example.

- “The thickness shear modes in the four isomor-
bhic- dihydrogen crystal substances mentioned j5
hereinbefore are eenerated by the p1ezoelectric
constants

‘dy, and dgs o

The piezoelectric constants that have the larger
values are obtained in the three or1entat10ns for 20
the thickness shear mode crystal elements 30, 31
and 32 illustrated in Figs. 3, 4 and.5. In the
crystal elements 39, 31, 32 of Figs. 3, 4 and 5, the
irequency is control 1ed mainly by the relatlvely
thin thickness dimension T, and the major faces 25
thereof may be of square or rectangular shape as
illustrated in Figs. 3, 4 and 5, or of circular or
othe1 shape if desired.

" As illustrated in Fig. 3, the crystal element 30
has one pair of its edges along or nearly along 30
the X axis, the rectangular major faces thereof
and the n01ma1 7' to the major faces being in-
cl1ned at an angle of 45 degrees or nearly 45 de-
grees with respect to the Y and Z axes, ‘which
corresponds to the orientation angles, expressed 35
in terms of the convention illustrated in Fig. 2, of
Q= =0 degrees, =45 deglees and y=0 degrees. .

The crystal element 3¢ of Fig. 4 has oné edge
along or nearly along the Y axis, the rectangular
maJm faces and the normal Z’ to the major faces 40
being inclined at an angle of 45 degrees or nearly
45 degrees with respect to the X and Z axes, which
corresponds to the orientation angles of p= =90’
degrees, §=45 degrees and y=0 degrees as ex-
pressed in terms of the convention 1llust1ated m 45
Flg 2,

The crystal element 32 of Fig. 5 has oneé edge
along or nearly along the Z axis, the rectangular’
major faces and the normal Z’ to the major faces
bemg inclined at an angle of 45 degrees or nearly’ 50
45 degrees with respect to the X and Y axes, which:
corresponds to the orientation angles of (p—45
degrees, =90 degrees and ¢v=90 degrees as ex-’
pressed in terms of the angles illustrated in Flg 2.

The three thickness shear mode crystal” ele-- 55
ments 38, 31 and 32 of Figs. 3, 4 and 5, respec-
tively, when constructed from crystalline amimo=
nium dihydrogen phosphate, have frequency con-"
stants of about 1040, 1040, and 1015, resbéctively,
expressed in kilocycles per second per millimeter: 60
of thickness dimension T, and have temperature
co-efficients of frequency of about —308, —308;
and —184, respectively, expressed in parts per
m1lhon per degree centigrade.

* As an illustrative example of the characteristics™ 85
of thickness shear mode crystals, an -ammonium’
dihydrogen phosphate crystal element 30 of Fig:

3 having its width W or length L along thé'X
axis and having its thickness axis T inclined 45°
degrees from the Z axis and having a length L, 70’
a width W and a thickness T of about 1.25, 1.25
and 0.103 centimeters, respectively, has a funda-"
mental thickness shear mode resonant freq‘uency
of about 1010 kilocycles per second ‘and afre-:
quency constant fr-of ‘about 1040 kilocycles' per- 76

8
Second per millimetér of thickness dimentions T
for its fundamental thickfess shear mode fre-
quency, a shear elastic constant’

o= °“+°""—about 779100

a temperature coefficient of thickness shear mode
frequency of about —308 parts per million per de-
gree centigrade and-a temperature coefficient of
about —666 for its shear elastic constant

A

.As..another illustrative example of the char-
acteristics of a thickness shear mode crystal ele-
ment, an ammeonium dihydrogen phosphate crys-
tal element 32 of Fig. 5 having ifs width W or
length L along the Z axis and having its thickness
axis T.inclined 45 degrees from the X axis and
having .a length L, a width W and a thickness T
of about_ 1.848, 1.840 and 0.256 centimeters, re-
spectively, has a fundamental resonant frequency
of .396.81 kilpcycles per second. and a frequency
constant fr_of about 1015 kilocycles per second
per. millimeter of thickness T for its fundamental

~ thickness shear mode frequency, a shear elastic

constant

. C«
of about 742><101°, a temperature coefficient of
thickness -shear mode-frequency of about —184
parts-per million -per degree centigrade, and a
temperature coefficient -of about —-388 for its
shear elast1c constantg ‘

Cu

..fIihe thickness shear mode crystal element 30
of Fig..3 having its width W or length L along
the X axis and having its thickness axis T in-
clined at an angle of about 45 degrees from the
Y.and .Z. axes, corresponding to angles in Fig, 2
of y=:0 degrees, ¢=90 degrees and =45 degrees,
is controiled by the elastic constant:

cH=ck [smz 8]+c“ [cos? 0]_644—5056

The thlckness 'shear mode crystal element 32
of Fig. 5 havmg its width W or length L along
the Z axis. ‘and having its thickness axis T in-
cllned at an angle of 45 degrees from the X and
Y axes, correspondmg to angles in Fig 2 of =90
degrees w-o degrees and =45 degrees, is con-
trolled by the elastic constant

. E’
a e &

and for all angles of rotation ¢ about the Z axis,
thevth‘icl{ness 'shear modulus is given by:

. Css=cu [cos? ¢+-sin? ¢]=cf

The thmkness shear mode frequency f of the
crystal element 30 of Fig. 3, 31 of Fig. 4 and 32 of
Pig. 5 is given- by the following equations, re-

spectlvely
f 2T\/044 T\/Cu‘i‘cea
oo T_\/a. T\/C« +of
B "—r\f T\/ o
where

T is the thickdess T in millimeters
p is'the dénsity which ih the case of ammonium
dlhydrogen phospha,te is about 1.8

s ek, ok, and ok
is~the corresponding shearing  elastic constant,
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“The thickness shear mode crystal:elements 30,
31 and 32 of Figs., 3; 4 and 5-may be adapted.to
vibrate alone or 51mu1taneously in two thlckness
shear modes of -motion, one. being. the, funda-
mental thickness shear.mode,and the other the
second thickness shear.mode, in. the manner as
disclesed-in. W. P: Mason.Patent. 2,303, 375 dated
December 1, 1942. Both the.first. and, second
shear mode frequencies. are controlled mainly by
the thickness dimension T of the crystal element
and vary inversely.as the value of. the thickness
dimension T of .the crystal. element,

The coupling betweeén the face shear, mode of
motion and the thickness shear mode of motion

is controlled by the elastic.constant.
Cig
The value of
C;s

for the thickness shear mode crystal elements 30

and 31 of Figs. 3 and 4 rotated in effect- about
the X and Y axes, respectively, is given by:

cla=(———-c“; “) sin 26

which goes to a zero value only at =0 degrees
and 6=90 degrees where no piezoelectric thick-
ness shear driving constant is present. On the
cther hand, for the orientation of Pig. 5,
Cis

vanishes, and this crystal element 32 of Fig. 5
will have no coupling to a face shear mode of
motion.

Although this invention has been described
and illustrated in relation to specific arrange-~
ments, it is to be understood that it is capable of
application in other organizations and is, there~
fore, not to be limited to the particular embodi-
ments disclosed, but only by the scope of the
appended claims and the state of the prior art.

What is claimed is:

1. A piezoelectric crystal element adapted for
thickness shear motion at a frequency controlied
mainly by its thickness dimension between its ma-
jor faces, and comprising one of the substances
ammonium dihydrogen phosphate, potassium di~
hydrogen phosphate, potassium dihydrogen arse-
nate and ammonium dihydrogen arsenate, said
major faces being substantially parallel to one of
the three mutually perpendicular X, Y and Z axes
and inclined at the bisecting angle of substan-
tially 45 degrees with respect to the other two of
said three X, Y and Z axes of said crystal ele-
ment, said angle being a value corresponding to
substantially the largest value of piezoelectric
constant in said crystal substance for said thick-
ness shear mode of motion.

2. A piezoelectric crystal element in-accordance
with claim 1 wherein said major faces are sub-
stantially parallel to said Z axis, and said bisect-
ing angle of substantially 45 degrees with re-
spect to said X and Y axes corresponds to a value
where said thickness shear motion has substan-
tially no coupling to a face shear mode of motion
in said major faces.

3. A piezoelectric crystal element in accord-
ance with claim 1 wherein said major faces are
substantially parallel to said Y axis, and said
bisecting angle is inclined substantially 45 de-
grees with respect to said X gnd Z axes and cor-
responds to a value where said thickness shear
mode of motion has a high electromechanical cou-
pling value.

4. A piezoelectric crystal element adapted for
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10
thickness shear motion at-a frequency controlled
mainly by ifs thickness. dimension between its
major faces, and comprising one of the substances
ammonium dihydrogen phosphate, potassium di-
hydrogen .phosphate, potassium dihydrogen arse-
nate and:ammohium dihydrogen arsenate, said
major faces being substantially parallel to one of
the three mutually perpendicular X, Y and Z axes
and inclined.at the bisecting angle of substan-
tially. 45 degrees with respect to the other two of
saidithree X, Y. and:Z axes of said.crystal ele~
ment, said angle being a value corresponding to
substantially . the largest value of. piezoelectric
constant in said:crystal substance for said thick-
ness shear mode of motion, and means compris-
ing. electrodes cooperating with said major faces
for operating said crystal element in said thick-
ness.shear mode of motion.

9. Piezoelectric crystal:apparatus in accord-
ance with claim 4:-wherein said major. faces are
substantially parallel to said Y axis, and said bi-
secting angle is inclined substantially 45 degrees
with. respect to.said X and.Z axes and corre-
sponds to a value where said thickness shear mode
of motion has a high electromechanical coupling
value, and said one of said substances is am-
monium dihydrogen phosphate.

6. A piezoelectric crystal element adapted for
thickness shear motion at a frequency controlled
mainly by its thickness axis dimension between
its major faces, and comprising one of the sub-
stances ammonium dihydrogen phosphate, potas~
sium dihydrogen phosphate, potassium dihydro-
gen arsenate and ammonium dihydrogen arse-
nate, said major faces being substantially parallel
to the Z axis of the three mutually perpendicular
X, Y and Z axes and inclined at the bisecting an~
gle of substantially 45 degrees with respect to the
other two X and Y axes of said three X, Y and Z
axes of said crystal element, said angle being a
value corresponding to substantially the largest
value of piezoelectric constant in said erystal sub-
stance for said thickness shear mode of motion,
and said angle being a value corresponding to
8 substantially zero value of coupling of said
thickness shear motion with the face shear mode
of motion in said major faces, said thickness di-
mension being a value corresponding to the value
of said frequency for said thickness shear mode
of motion, and means comprising electrodes co-
operating with said major faces for operating said
crystal element in said thickness shear mode of
motion.

7. Piezoelectric apparatus in accordance with

5 claim 6 whetein said one of said substances is

ammonium dihydrogen phosphate.

8. A piezoelectric crystal element adapted for
thickness shear motion at a frequency controlled
mainly by its thickness axis dimension between
its major faces, and comprising one of the sub-
stances ammonium dihydrogen phosphate, potas-
sium dihydrogen phosphate, potassium dihydro-
gen arsenate and ammoninum dihydrogen arse-
nate, said major faces being substantially par-
alle] to the Z axis of the three mutually perpen-
dicular X, Y and Z axes and inclined at the bi-
secting angle of substantially 45 degrees with re-
spect to the other two X and Y aXes of said three
X, ¥ and Z axes of said crystal element, said an-
gle being a value corresponding to substantially
the largest value of piezoelectric constant in said
erystal substance for said thickness shear mode
of motion, and said angle being a value corre-
sponding to a substantially zero value of coupling
of said thickness shear motion with the face shear
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mode of motion in said major faces, said thick-
ness dimension being & value corresponding to
the value of said frequency for said thickness
shear mode of motion. :

9. A piezoelectric crystal element adapted for
thickness shear motion at a frequency controlled
mainly by its thickness axis dimension between
its major faces, and comprising one of the sub-
stances ammonium dihydrogen phosphate, po-
tassium dihydrogen. phosphate, potassium dihy-
drogen arsenate and ammonium dihydrogen ar-
senate, said major faces being substantially par-
allel to the Z axis of the three mutually per-
pendicular X, Y and Z axes and inclined at the
bisecting angle of substantially 45 degrees with
respect to the other two X and Y axes of said
three X, Y and Z axes of said crystal element,
said angle being a value corresponding to sub-
stantially the largest value of piezoelectric con-
stant in said crystal substance for said thick-
ness shear mode of motion, and said angle being
a value corresponding to a substantially zero
value of coupling of said thickness shear motion
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12
with the face shear mode of motion in said ma-
jor faces, said major faces being substantially rec-
tangular, said thickness dimension being a value
corresponding to the value of said frequency for
said thickness shear mode of motion, and means
comprising electrodes cooperating with said ma-
jor faces for operating said crystal element in said
thickness shear mode of motion.

. WARREN P. MASON.
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