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Patented Sept. 28, 1948 2,450,010 

UNITED STATES PATENT OFFICE 
2,450,010 

PIEZOELECTRC CRYSTAL APPARATUS 
Warren P. Mason, West Orange, N.J., assignor 

to Beli Telephone Laboratories, incorporated, 
New York, N. Y., a corporation of New York 
Application August 9, 1943, Seria No. 49,883 

(C. 17-327) 9 Claims. 

This invention relates to piezoelectric crystal 
apparatus and particularly to piezoelectric crys 
tal elements comprising crystalline ammonium 
dihydrogen phosphate (NH4H2PO4), potassium 
dihydrogen phosphate (KH2PO4), ammonium di 
hydrogen arsenate (NH4H2AsO4), potassium di 
hydrogen arsenate (KH2AsO4) and isomorphous 
combinations. Such crystal elements are useful 
as electromechanical transducers utilized, for ex 
ample, in sonic or superSonic projectors, micro 
phones, pick-up devices and detectors. Also, they 
may be utilized as frequency Control elements in 
electric wave filter systems, oscillation generator 
systems and amplifier systems. Other applica 
tions for such crystal elements may include har 
monic producers, and, in general, any applica 
tion. Where either g, resorant or non-resonant 
piezoelectric crystal element may be utilized. The 
non-linear hysteresis oop characteristics of the 
non-resonant crystai may be made use of to pro 
duce overtones or armonics therefron. 
One of the objects of this invention is to pro 

wide useful orientations and modes of motion in 
crystal elements made from Crystalline aim 
monium dihydroger phosphate, potassium dihy 
drogen phosphate, annonium dihydrogen arse 
nate, potassium dihydrogen arsenate and isomor 
phous combinations. 
Other objects of this invention are to provide 

crystal elements comprising dihydrogen phos 
phate and arsenate substances that may possess 
useful characteristics, such as large piezoelectric 
constants, large vibrational motion, minimum 
coupling of the desired mode of motion with un 
desired modes of motion therein, and tempera 
ture coefficients of frequency that may have th 
relatively lower values. 
Another object of this invention is to take ad 

Wantage of the high piezoelectric activity, the low 
cost and other advantages of Crystalline am 
monium dihydrogen phosphate and similar dihy 
drogen phosphate and arsenate crystals. 
Crystal elements of suitable orientation cut from 

crystalline ammonium dihydrogen phosphate, 
potassium dihydrogen phosphate, potassium di 
hydrogen arsenate, ammonium dihydrogen ar 
senate and isomorphous combinations thereof 
may be excited in different modes of motion, 
such as longitudinal length, longitudinal width 
or longitudinal thickness modes of motion, shear 
face modes of motion controlled mainly by the 
width and length major face dimensions, or 
thickness shear modes of motion controlled 
mainly by the thickness dimension. Also, low. 
frequency flexural modes of motion of either the 
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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. The thickness 
modes of motion may be either, the thickness 
longitudinal mode of motion or the thickness 
shear mode of notion. These modes of motion 
are similar in the general form of their motion 
to those of corresponding names that are already 
known in connection with quartz, Rochelle salt, 
and other known piezoelectric crystals. 

Crystal elements composed of crystalline ann 
monium dihydrogen phosphate, potassium dihy 
drogen phosphate, potassium dihydrogen arse 
nate, annonium dihydrogen arsenate and iso 
morphous combinations may have piezoelectric 
and elastic constants or moduli of considerable 
interest for use in electromechanical transducers, 
filter Systems and Oscillator systems, for example. 
In accordance with this invention, a number of 
Crystal Orientations or cuts are provided that may 
be utilized for these purposes and others. The 
types of crystal cuts may be divided into several 
categories, such as (a) crystal cuts that have 
relatively large piezoelectric constants and hence 
may be driven strongly piezoelectrically, (b) crys 
tail cuts that have advantageous elastic prop 
erties, such that the longitudinal face modes of 
notion therein are free 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 fre 
clercy. 

Crystal elements comprising ammonium dihy 
drogen phosphate, potassium dihydrogen phos 
phate, ammonium dihydrogen arsenate, potas 
sium dihydrogen arsenate and isomorphous Com 
binations also possess ferroelectric properties 
such as large dielectric constants, hysteresis loops 
and non-linearity of charge field relationships 
below their critical or Curie temperatures of about 
115 K., 91 K, 155 K. and 220 K, respectively. 
These crystal Substances also possess high piezo 
electric constants at room temperatures, which, 
in general, are larger than those of most other 
piezoelectric crystals except Rochelle salt. Am 
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monium dihydrogen phosphate Crystals have rela 
tively the largest piezoelectric constants of any 
of the four isomorphic dihydrogen Crystal sub 
stances mentioned, and are relatively easy to 
grOW in shapes and sizes that are suitable for cut 
ting useful plates or elements therefrom. 



3 
The ammonium dihydrogen phosphate crystals, 

for example, may have properties somewhat sin 
ilar 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 crystal 
lization and hence will not dehydrate when Oper 
ated in air or in vacuum. The temperature co 
efficients of frequency for certain of the principal 
cuts are roughly of the order of 100 to 300 parts 
per million per degree centlgrade. The dielec 
tric constants decrease slightly with an increase in 
temperature while the piezoelectric constants 
relating charge and stress are nearly independ 
ent of temperature. Since the ammonium dihy 
drogen phosphate crystals have the relatively 
higher values of electromechanical coupling, and 
are free from water of crystallization which elim 
inates dehydration in the crystal, and will stand 
relatively high operating temperatures of the 
order of 180° C., or more, they are useful as driv 
ing elements for all transducer applications, such 
as projectors and microphones in under-water 
sound work, for example. Also, this type of crys 
tal may be used as a substitute for quartz fre 
quency control elements in filter and oscillator 
applications, especially when used with tempera 
ture control. For the lower frequency filter ap 
plications, the crystal cuts having the relatively 
lower temperature coefficients of frequency may 
he used at ordinary temperatures without tem 
perature control. 
Although all four of the crystalline dihydrogen 

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 gen 
erally, are relatively more easy to grow in the 
sizes and shapes that are useful for cutting crys 
tal elements therefoil. 
The crystal elements disclosed in this specifica 

tion may have conductive electrode coatings CIn 
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 suit 
able mean S, Such as for example, by preSSure type 
clamping pins or by conductive supporting wires 
cemented by conductive cement to the crystal 
coatings at or near the nodal regions, as already 
known in connection with quartz, Rochelle Salt 
and other crystals having similar or correspondi 
ing modes of motion, 

Spurious modes of motion may be avoided in 
these crystal elements by a suitable dimension 
ing 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 shear mode or face longitudinal mode 
Crystals, and by adjusting the length and width 
dimensions relative to the thickness dimension in 
the case of thickness mode crystals, such as thick 
neSS shear mode crystals or thickness longitudi 
nal mode crystals. Also the effect of spurious 
nodes in these face mode and thickness mode 
dihydrogen crystals may be reduced by the use of 
centrally disposed electrodes partially covering 
the major faces of the crystals, in the manner of 
Such partial electrodes as are now used in con 
nection with quartz crystals, for example. 

For a clearer understanding of the nature of 
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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 
parts and in which: 

Fig. 1 is a perspective view illustrating the prls 
matic tetragonal-scalenohedral form in which 
ammonium dihydrogen phosphate, potassium di 
hydrogen phosphate, potassium dihydrogen ar 
Senate, ammonium dihydrogen arsenate and SO 
morphous 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 electric 
axis X, mechanical axis Y, and optic axis Z. 
thereof; 

Fig. 2 is a perspective view illustrating the ori 
entation, in terms of the angles p, 9 and p, 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 disclosed in this 
specification; 

Fig. 3 is a perspective view illustrating X-cut, 
Y-cut and Z-cut type Contour or face Inode crys 
tal elements of the face shear mode type and of 
the face longitudinal mode type, cut from any of 
the crystalline substances ammonium dihydro 
gen phosphate, potassium dihydrogen phosphate, 
potassium dihydrogen arsenate, ammonium di 
hydrogen arsenate and isomorphous combina 
tions, as illustrated in Fig, l; 

Fig. 3A is a graph illustrating the characteris 
tics of the 45-degree Z-cut type ammonium dihy 
drogen phosphate crystal element iO of Fig. 3 
when rotated in effect about its width dinnen 
Sion W; 

Fig. 4 is a perspective view illustrating the ori 
entation of a thickness longitudinal mode crystal 
element cut from any of the Crystalline Sub 
stances ammonium dihydrogen phosphate, potas 
sium dihydrogen phosphate and corresponding 
arsenate crystal substances, as illustrated in Fig. 
i; and 

Figs. 5, 6 and are perspective views illustrat 
ing the orientations of several types of thickness 
shear mode crystal elemants cut from any of the 
substances annonium dihydrogen phosphate, po 
tassium dihydrogen phospin 33 2d corresponding 
arsenate crystal substances, illustrated in 
Fig. . 
This specification follows the corventional ter 

minology as applied to piezoelectric crystalline 
substances, which employs three mutually per 
pendicular X, Y and Z axes, as shown in the 
drawings, to designate an electric axis, a ne 
chanical axis and an optic azis, espectively, of 
piezoelectric crystalline Substances, and which 
employs three orthogonal axes X, Y and 2' to 
designate the directions of the axes of a crystal 
line piezoelectric body or element that is angular 
ly oriented with respect to such X, Y and 2 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 das 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 dihy 
drogen salt crystals here considered, then a 2. 

st: 
k-di 
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axis field applied thereto may produce a strong 
shear motion in the XY plane of the crystal body. 

Referring to the drawing, Fig. 1 is a perspec 
tive view illustrating the form in which am 
monium dihydrogen phosphate, potassium dihy 
drogen phosphate, ammonium dihydrogen ar 
senate, and potassium dihydrogen arsenate crys 
tallizes. As illustrated in Fig. 1, such isomorphic 
dihydrogen crystal substances crystallize in the 
prismatic tetragonal scalenohedral form and are 
formed with four major prism faces and with 
four cap faces at each end. The optic axis Z. 
extends between each apex of the cap faces, and 
the mutually perpendicular X and Y axes, extend 
perpendicular to the four major prism faces. The 
several cuts or orientations of dihydrogen phos 
phate and arsenate crystal elements hereinafter 
disclosed 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 
sium salts, used in growing the mother crystal 
illustrated 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 
acids, Saturated solutions may be prepared from 
these salts and the crystal f grown from watery 
solutions at a gradually decreasing temperature 
in any suitable manner. The Crystal shape ill 
ustrated in Fig. may be varied Somewhat to 
obtain either needle-shaped crystals, or the more 
compact or short prism form as illustrated in 
Fig. 1. Ammonium dihydrogen phosphate pro 
duces short and thick prismatic Crystals at room 
temperature. If liquor is added in excess, all 
of these salts may be crystallized in short prisms 
at room temperature. The short thick form of 
crystal , as illustrated in Fig. 1, is generally 
the more convenient 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 Engi 
neers, for specifying the orientation for a piezo 
electric crystal element or body 2 in relation to 
its mutually perpendicular X, Y and Z axes. As 
shown in Fig. 2, the X axis is taken along the 
ength dimension I 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 
crystal element 2. The angle 8 is, as shown in 
Fig. 2, the angle between the optic axis Z and the 
plate normal or Z axis, and the angle p is the 
angle between the -- X axis (-- by tension) and 
the intersection of the plane containing the Z. 
and Z axes with the XY plane, while is the 
angie between the length L axis X’ and the tan 
gent of the great circle containing the Z, and Z' 
axes as measured in a plane perpendicular to the 
2' axis. All angles are positive when measured 
in a counter-clockwise direction. Fig. 2 is ap 
plicable to a right-hand Crystal, such as quartz, 
following the crystallographer's definition and 
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any of the several crystal elements disclosed in 
this specification and illustrated in Figs. 3 to 7 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 
opposite 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, 
platinum, aluminum, silver or other suitable con 
ductive material deposited upon the crystal sur 
faces by evaporation in vacuum, painting, spray 
ing, or by other suitable process. If desired, the 
Crystal element 2 may be electroplated to the de 
sired frequency by nickel plating or otherwise. 

Fig. 3 is a perspective view of six differently 
Oriented, relatively low frequency face node crys 
tal elements 5, 6, 7, 8, 9 and O which may be cut 
from any of the crystalline substances ammonium 
dihydrogen phosphate, potassium dihydrogen 
phosphate, potassium dihydrogen arsenate, am 
monium dihydrogen arsenate, or isomorphous 
combinations thereof, each crystal element 5 to 
fo being made into a plate of substantially rec 
tangular parallelepiped shape with its major 
faces having a length dimension L and a width 
dimension W, the thickness or thin dimension T 
being measured between the opposite major faces. 
Either the length dimension I or the width di 
Inension W or both may be made of Values to 
suit a desired frequency. The thickness or thin 
dimension T may be made of a value to suit the 

5 impedance of the system in which the crystal 
element may be utilized, or it may be made of a 
suitable value to avoid a nearby spurious mode of 
motion which, by proper dimensioning of the 
thickness T relative to the width W and length 

dimensions, may be placed in a location that 
is relatively remote from the desired face mode 
of motion. 
The contour or face node X-cut, Y-cut and Z 

cut type crystal elements 5, 6, 7, 8, 9 and 0 of 
Fig. 3 may be cut from crystalline annonium 
dihydrogen phosphate, potassium dihydrogen 

5 5 

60 

the earlier Biot convention. The positive (--) X 
axis is the X axis for which a positive charge de 
velops on a tensional 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 t, p and of 
Fig. 2 may generally designate the orientation of 75 

phosphate, ammonium dihydrogen arsenate or 
potassium dihydrogen arsenate of the form and 
symmetry illustrated in Fig. i., and may be driven 
by the electrodes 3 and 4 which may partially 
or wholly cover the opposite major faces of each 
of the crystal elements and which thereby pro 
duce an eiectric field in the direction of the thick 
ness or thinnest dimension thereof. 
As illustrated in Fig. 3, the crystal elements 5, 

6 and T are three differently oriented face shear 
mode crystal elements of X-cut, Y-cut and 2-cut 
orientations, respectively, the frequency of which 
may be controlled mainly by the major face 
length L and width W dimensions; and the crys 
tal elements 8, 9 and 0 are three differently 
oriented face longitudinal length or width mode 
crystal elements of X-cut, Y-cut and Z-cut type 
orientations, respectively, the frequency of which 
may be controlled mainly by either the length di 
mension L or by the width dimension W or by 
both simultaneously or separately. The arrows, 
illustrated in Fig. 3, may be taken to indicate that 
the crystal elements 5 to to may be rotated in 
effect about their length or width dimensions or 
both to positions where their major faces are 
no longer perpendicular to the X, Y or Z axes 
thereof. In addition, the longitudinal face node 
crystal elements 8, 9, and ?o of Fig. 3 may be 
rotated in effect about their respective thickness 
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dimensions T to either side of the 45-degree angul 
lar position particularly illustrated in Fig. 3. 

It will be noted that when the length dimen 
sion L of the face shear mode crystal elements 5, 
6 and is substantially parallel to the X, Y or 2 
axes as illustrated in Fig. 3, all of the motion in 
the crystal element 5, 6 or 7 will be a face shear 
motion and none longitudinal; while if the length 
dimension L is mid-way or at the bisecting angle 
of 45 degrees between the X and Y, and Y and Z. 

s 

O 
or the X and Z axes as illustrated by the Crystal 
elements 8, 9, and O of Fig. 3, the shear motion 
will be zero or of small value and the longitudinal 
motion a maximum. 
The X-cut, Y-cut, and Z-cut type crystal ele 

ments 5, 6 and of Fig. 3 illustrate face shear 
node types of crystal elements which are con 
trolled by the d14, the d25 and the da6 piezoelectric 
constants, respectively, following the conven 
tional terminology used for expressing the rela 
tion between the applied field direction and the 
resulting stress or type of notion. In each of 
the four dihydrogen phosphate and arsenate 
crystal substances particularly disclosed in this 
specification, the da6 piezoelectric constant there 
of is of larger Value than the d14 and the d25 piezo 
electric constants thereof and, consequently, the 
Z-cut face shear node crystal element may be 
driven more strongly piezoelectrically than the 
X-cut or Y-cut face shear mode crystal elements 
5 and 6, and since ammonium dihydrogen phOS 
phate has relatively the largest values of piezo 
selectric constants d14, d25 and das, it consequently 
Inay be driven more strongly than the other three 
dihydrogen crystalline Substances mentioned. 
As illustrated in Fig. 3, the X-Cut type face 

shear node crystal element 5 has its square or 
rectangular shaped major faces disposed per 
pendicular or nearly perpendicular to the X axis, 
the length dimension L, the width dimension W, 
and the peripheral edges of the major faces be 
ing inade parallel or nearly parallel to the Z and 
Y axes thereof in order to obtain freedom from 
coupling of its desired face shear mode of no 
tion with longitudinal face modes of motion 
herein. Similarly, the Y-cut type face Shear 

zinode crystal element S of Fig. 3 has its square 
or rectangular shaped major faces disposed per 
pendicular or nearly perpendicular to the Y axis, 
the length dimension I, the width dimension W, i. 
and the edges of the maior faces being made par 
allel or nearly parallel to the X or the Z axes 
thereof in order to obtain freedom from coupling 
of its desired face shear mode of motion with 
longitudinal face nodes of notion therein. Sim 
ilarly, the Z-cut type face shear mode crystal ele 
inent of Fig. 3 has its rectangular shaped major 
faces disposed perpendicular or nearly perpendic 
ular to the Z axis, the length dimension L, the 
width dimension W, and the edges thereof be 
ing made parallel or nearly parallel to the X or 
the Y axes thereof in order to obtain substan 
tially no coupling of its desired face shear mode 
of motion. With longitudinal modes of motion 
therein. 
The frequency constants for the fundamental 

face shear mode of motion of the X-cut, Y-cut 
and Z-cut type crystal elements 5, 6 and 7 of 
Fig. 3 are of the order of from 127 to 133 kilo 
cycles per second per centimeter of width W or 
length L for crystal elements constructed from 
Crystalline annonium dihydrogen phosphate, 
and are roughly of the same order for potassium 
dihydrogen phosphate and the corresponding 
arSenates, 
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While the face shear mode crystal elements , , 

6 and 7 of Fig. 3 are shown as having nearly square 
shaped major faces, they may be cut in elon 
gated rectangular form as illustrated in W. P. 
Mason United States Patent 2,309,467, dated Jan 
uary 26, 1943, may have a selected width W to 
length. I dimensional ratio, and may be adapted 
to vibrate either simultaneously or independently 
in the first and second shear face modes of mo 
tion controlled by the width W and length L di 
mensions of the crystal element, as disclosed in 
the last-mentioned Mason patent. 
The X-cut, the Y-cut, and the Z-cut type longi 

tudinal length L or width W mode crystal ele 
ments 8, 9 and O of Fig. 3 may be cut from the 
X-cut, Y-cut and Z-cut type face shear mode crys 
tal elements 5, 6 and , respectively, as illustrated 
in Fig. 3, or they may be cut separately. The 
X-cut type crystal element 8 of Fig. 3 may have 
its opposite major faces disposed perpendicular or 
nearly perpendicular to the X axis, the length L 
and width W. dimensions thereof being inclined 
at an angle of substantially 45 degrees or other 
angles with respect to the other two axes, namely, 
the Y and Z axes. Similarly, the Y-cut and the 
Z-cut type longitudinal mode crystal elements 9 
and O of Fig. 3 may have their major faces dis 
posed perpendicular or nearly perpendicular to 
the Y axis and the Z axis, respectively, the length 
I, dimensions thereof being inclined at an angle 
of Substantially 45 degrees or other angle with 
respect to the other two of the three crystal 
lographic axes. The electric field may be ap 
plied in the thickness direction T by the elec- . 
trodes 3 and which may be placed on or adja 
cent the opposite major faces in order to drive 
the crystal elements 8, 9 or to in the face longi 
tudinal length L or width W modes of motion. 
The dimensional ratio of the width W with re 

Spect to the length , of the face longitudinal 
node crystal elements 3, 9 and O of Fig. 3 may 
be inade of any suitable value. The smaller 
values decreasingly less than a width W to length 

ratio of about .5 may be utilized to obtain a 
length longitudinal node of motion that is less 
affected by the face shear mode of motion there 
in, particularly when the length L dimension of 
the S-cut, Y-cut and Z-cut type crystal ele 
ments 3, 9 and of Fig. 3 is disposed at an angle 
other than the angie which gives zero coupling 
to a face shear mode which in the case of the 
Z cut is the bisecting 45-degree angle particu 
larly illustrated at it in Fig. 3, and which in the 
case of the 2K and Y cuts 8 and 9 is a l angle of 
about 24° 30'. 
A feature of special interest is that at the bi 

Secting 45-degree angle as illustrated at f O in 
Fig. 3, the 45-degree Z-cut crystal element O of 
Fig. 3 has not only maximum motion for the de 
sired longitudinal length L. mode of motion 
therein but also that mode of motion has sub 
stantially no Coupling with the face shear mode 
of motion therein, corresponding to a similar 

O 

freedom from coupling effect that obtains in the 
42° 26' Y-cut Rochelle Salt crystal element of 
W. P. Mason Patent 2,292,885 dated August 11, 
1942, Fig. 2, and to the -18.5-degree X-cut 
quartz crystal element of W. P. Mason et al., 
Patent 2,173,589 dated September 19, 1939. 

If desired, the longitudinal node crystal ele 
ments, Such as the crystal elements 8, 9 and 
of Fig. 3, may be operated alone or simultane 
ously in the length L. longitudinal mode of mo 
tion and in the width. W flexure mode of motion, 
as disclosed in W. P. Mason Patent 2,292,886 
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dated August 11, 1942; 
ated simultaneously in the length...I. and width W 
longitudinal modes of motion as disclosed in W. 
P. Mason Patent 2,292,885 dated August 11, 1942. 

It will be understood that the longitudinal 
mode crystal elements 8, 9 and 0 of Fig. 3 may 
comprise Crystalline ammonium dihydrogen 
phosphate, potassium dihydrogen phosphate, 
potassium dihydrogen arsenate, ammonium di 
hydrogen arsenate and isomorphous combina 

also they may be oper 

10 
tions, and may be rotated in effect about their 
thickness dimensions T to any position at either 
side of and other than at the 45-degree bisect 
ing angular position that is particularly illus 
trated in Fig. 3. Illustrative examples of the 
characteristics of a few of such longitudinal 
mode crystal elements 8, 9, fo of Fig. 3 rotated 

15 

in effect about the thickness dimension T are 
given as follows, in connection with - the sub 
stance ammonium dihydrogen phosphate par 
ticularly. 
As an illustrative example for X-cut crystals, 

the 45-degree X-Out length L. longitudonal mode 
ammonium dihydrogen phosphate crystal ele 
ment 8 of Fig. 3 having a length dimension I, 
a width dimension W and a thickness dimension 
T of about 1.89,725 and .222 centimeters, respec 
tively, giving a dimensional width W to length L. 
ratio of about .373, has a frequency constant 
for the length L. longitudinal mode of motion of 
about 182.5 kilocycles per second per centimeter 
of length dimension L, an elastic constant of sil 
value of about 4.16X 10.1; a resonant frequency 
fR of about 96.456 kilocycles per second, an anti 
resonant frequency fa of about 96.466 kilocycles 
per second, a static capacitance of Co of about 31.1 
micromicrofarads, a ratio of capacities 

a dielectric constant Kic of abount 57.1, a re 
sistance at resonance of about 42,500 ohms, a Q 
of about 5,800, a coupling coefficient k of about 
.0163, a piezoelectric constant d4 
14.8x10, a piezoelectric coefficient D14 of about 
0.39x104, a temperature coefficient of frequency 
for its length L. longitudinal motion of about 
-145 parts per million per degree centigrade, and 
a temperature coefficient of about --340 for its 
elastic constant s11. - 
As another illustrative example for X-cu 

crystals, a 22.5-degree X-cut length. I longi 
tudinal node ammonium dihydrogen phosphate 
crystal plate 8 similar to the 45-degree X-cut 
crystal plate 8 of Fig. 3 but having its length 
dimension L, inclined at an angle of 22.5 degrees 
instead of 45 degrees from the Z axis, and having 
a length L, a width W and a thickness T of about 
1.844, .608 and .23 centimeters, respectively, giv 
ing a width W to length , dimensional ratio of 
about .329, has a frequency constant for its 
length L. longitudinal mode of motion of about 
175.9 kilocycles per second per Centimeter of 
length dimersion I, an elastic constant s11' of 
value about 4.49X101, a temperature coefficient 
of frequency for its length , longitudinal mode 
of motion of about -7.4 parts per million per 
degree centigrade, and a temperature coefficient 
of about --214 for its elastic constant, S11. 
As another illustrative example for x-cut 

crystals, a 67.5-degree X-cut length , longitudi 
rial mode ammonium dihydroger phosphate 
crystal element 3 similar to the 45-degree :- 
cut crystal element 3 of Fig. 3 but having its 
ength dimension is inclined at a. angle of 6.5 

of about . 

20 

10 
degrees instead of 45 degrees from the Z axis, 
and having a length I, a width W and a thick 
ness T of about i.85l, 637 and 25 centimeters, 
respectively, giving a width W to length di 
mensional ratio of about .354, has a frequency 
constant for its length L. longitudinal mode of 
motion of about 211.5 kilocycles per second per 
centimeter of length dimension I, an elastic con 
stant sus' value of about 3.10x10-1, a tempera 
ture coefficient of frequency for its length lon 
gitudinal mode of motion of about -299 parts 
per million per degree centigrade, and a temper 
ature coefficient of about 626.8 for its elastic 
constant 811'. 
As an illustrative example for 2-cut crystals, 

a 22.5-degree 2-cut length L. longitudinal mode 
ammonium dihydrogen phosphate Crystal ele 
ment O similar to the 45-degree Z-cut crystal 
element O of Fig. 3 but having its length di 
mension I inclined at an angle of 22.5 degrees 
instead of 45 degrees from the X axis, and hav 
ing a length , a width W and a thickness of 
about 1.575, 464 and .220 centimeters, respec 
'tively, giving a width W to length L. dimensional 

25. ratio of about .294, has a frequency constant of 
about 182.2 kilocycles per second per centimeter . 
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of length dimension I, an elastic constant s' 
of value about 4.17x101, a temperature coeff 
cient of frequency for its length L. longitudinal 
mode of motion of about -344 parts per million 
per degree centigrade, and a temperature coeffl 
cient for its elastic constant s1' of about --708. 
As another example, the 45-degree 2-cut 

length L. longitudinal mode ammonium dihy 
drogen phosphate (NH4H2PO4) crystal element 
fo of Fig. 3 having a length I, a width W and 
a thickness T of about 1.730, 0.486 and 0.21 centi 
meter, respectively, giving a width W to length 
dimensional ratio of about .278, has a frequency 
constant of about 162. kilocycles per Second per 
centimeter of length dimension L, an elastic Con 
stant SE of about 5.28X101, a resonant fre 
quency of about 93.369 kilocycles per second, an 
anti-resonant frequency of about 96.695 kilocycles 
per second, a static capacitance Co of about 4.94 
micromicrofarad, a ratio of capacities r of about 
11.65, a dielectric constant Kc3 of about 14.2, a 
resistance at resonance of about 740 ohms, a Q 
of about 5,600, a coefficient of coupling k of about 
306 as shown by the curve B of Fig. 3A at 9=0 
degrees, a piezoelectric constant das of about 
155X10-8, a piezoelectric coefficient D36 of about 
12.20x10, a temperature coefficient of fre 
quency of about -338 parts per million per de 
gree centigrade as shown by the curve A of Fig. 
3A at 0=0 degrees, and a temperature coefficient 
for its elastic constant S11 of about --692. 
As an illustrative example for Crystalline pon 

tassium dihydrogen phosphate (KH2PO4), a 45 
degree Z-cut length L. longitudinal mgde potas: 
sium dihydrogen phosphate (KH2PO4) crystal 
element O of Fig. 3 having a length , a width 
W and a thickness of about 1.04, 492 and .12 

a centimeters, respectively, has a resonant fre 

70 

75 

quency of 141.9 kilocycles per second, an anti 
resonant frequency of about 42.7 kilocycles per 
secondi, a resistance at resonance of act 2,500 
ohms, a capacity of about 8.5 micromicrofarads, 
a Q of about 3,60, a freggeracy constant of about 
47.6 kilocycles per second per centireter of 
length dimension it, & velocity. of propagation of 
about 2.952X105; a ciersity of about 2.338, a 
dielectric constant : of acoust 2.0, a ratio of 
capacities r of acut. 53.5, a coeficient of elec 
tromechanical Coting it of about .438, 2, Value 
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of Young's modulus Yo along the length of the 
crystal element of about 1945X10 dynes per 
square centimeter, a piezoelectric coefficient D 
relating force to charge of about 4.9X10'e. S. ul, 
and a piezoelectric constant d6 relating po 
tential to shear strains of about 84.2X10. 
A potassium dihydrogen arsenate (KH2AsO4) 

45-degree Z-cut length L. longitudinal mode 
crystal element iO of Fig. 3 has a piezoelectric 
constant diss of about 84x10, a dielectric con 
stant K of about 16.0, a Young's modulus along 
the length dimension L of about 1.98X10, and 
a density of about 2.85. 
The 45-degree Z-cut length I, longitudinal 

mode ammonium dihydrogen phosphate crystal 
element 6 of Fig. 3 is useful as an electrome 

s 

0. 

chanical transducer in sonic and SuperSonic pro 
jectors and microphones, for example, where it 
may be used either as a resonant or a non-reso 
nant crystal element unit to obtain a maximum 
extensional motion along its length dimension 
and a maximum piezoelectric excitation. An 

monium dihydrogen phosphate cut in the 45-de 
degree 2-cut orientation O of Fig. 3 has the 
largest piezoelectric constant of the four iso 
morphic dihydrogen crystalline substances men 
tioned herein, although the other three may also 
be used similarly. When used as an electrome 
chanical transducer in a superSonic projector, 
the 45-degree 2-cut crystal element fo of Fig. 3 
may conveniently be made of a resonant length 
corresponding to the frequency to be projected. 
From the electromechanical equivalent circuit 

as described in applicant's book "Electromechan 
ical Transducers and Wave Filters,' Chapter WI, 
D. Wan Nostrand Co. Inc., New York, 1942, the 
performance of such a crystal as an electrome 
chanical transducer may be calculated. 
Applied to transducers, the principal Constants 

of interest are the dielectric constant K, the 
piezoelectric coefficient D relating the stress to 
the applied charge, the value of Young's modulus 
Yo, and the density p. In c. g. S. units, these con 
stants for the 45-degree Z-cut ammonium di 
hydrogen phosphate crystal C of Fig. 3 have 
values at room temperature of about K=14.2; 
D=12.2x10 dynes/e. s. u. charge; 

Yo-1.89X1011 
dynes/centimeters; 
cubed. 
Applied to the conventional electromechanical 

equivalent circuit for a piezoelectric crystal, from 
which the response of the crystal unit as a sonic 
projector may be calculated, the Constants of 
45-degree Z-cut ammonium dihydrogen phos 
phate crystals glued to steel resonators, as meas 
ured from the electrical side, become shunt ca pacity' 

p=1.8 grams/centimeters 

C=1.26X 10-ir 
farads; series capacity 

C=.0782X 10-ity 
farads; inductance 

LT 
L1=497 

henries; resistance 
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7.15X10T 

W 

ohms; where L is the length, W the width, T the 
thickness of each individual crystal element to 
of Fig. 3 expressed in centimeters, n is the total 
number of crystal elements O of Fig. 3 connected 
in parallel, and RM is the mechanical resistance 
load per square centimeter placed on the radiat 
ing end of the crystal unit. 
The four parallel-connected 45-degree Z-cut 

crystal elements O of Fig. 3 referred to, or other 
number of such crystal elements, may each be 
provided with electrodes of evaporated gold or of 
metal foil cemented to their large faces by con 
ductive Bakelite cement, for example, or by other 
Suitable adhesive means and then cemented to 
gether with tabs of gold foil for intermediate leads 
to the four parallel-connected crystals which may 
be cemented onto a ceramic wafer and a steel 
resonator to form a supersonic radiator or pro 
jector. Such dihydrogen phosphate crystals will 
endure relatively high temperatures and relatively 
larger cavitation and power output in castor oil, 
as Compared with similar Ones constructed from 
Rochelle salt, Ammonium dihydrogen phos 
phate crystals do not have a tendency to burn up 
at high power levels. Power applied up to the 
cavitation value of Castor oil, or about 5 watts 
per Square centimeter, may be continuously ra 
diated from such ammonium dihydrogen crystals 
that are well glued or cemented to the steel re 
Sonators used in projectors in under-water sound 
Work, for example. 

Measurements on the electrical resistivity of 
45-degree Z-cut crystal elements O of Fig. 3 are 
useful in the evaluation of purely conduction 
power loss in the material, and may be made by 
applying direct current voltage to the crystal 
electrodes which may be provided with peripheral 
guard rings around the edges to separate out the 
effect of surface leakage. The electrodes may be 
of tin foil or gold foil cemented thereon, or gold 
plating or otherwise. The electrical leakage of 
annonium dihydrogen phosphate crystals and 
potassium dihydrogen phosphate crystals is due 
mainly to volume conduction. The volume re 
sistivity p varies with the absolute temperature T 
according to the following relation, which follows 
the law usual for semiconductors: 

ohms or about 

. . b logio p=a+ 
where a and b are constants which may have some 
Small measure of variation between different 
crystals. The surface electrical resistivity is of 
the order at least fifteen times the volume resis 
tivity p, and varies in approximately the same way 
with temperature change. The leakage conduc 
tion in these crystals is, therefore, quite different 
from that in crystals of Rochelle salt. In Ro 
chelle salt, the conductivity is almost entirely 
along the surface and depends on the relative 
humidity of its environment. In dry liquid, Ro 
chelle Salt may furnish its own moisture from its 
Own water of Crystallization causing lowered sur 
face resistance and eventually electrical break. 
down under conditions of continued piezoelectric 
drive. The dihydrogen crystals, however, have 
no water of Crystallization that may escape to the 
Surface and accordingly the surface resistance 
remains high in air or in oil even at relatively high temperatures, 
As used in a superSonic projector, the length 
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longitudinal mode of motion and the width W. 
longitudinal mode of motion of the face longi 
tudinal mode crystal element O of Fig. 3 may be 
used either alone or together simultaneously to 
radiate sound. For the latter purpose, the value 
of the width W with respect to the length of 
the several similar crystals comprising the crystal, 
mosaic generally used in such sound projectors 
may be proportioned so that the length. I mode 
frequency response may cover one frequency 
range and the width. W mode thereof may cover 
an adjoining higher frequency range with sub 
stantially an equal or flat response in decibels 
for both ranges over a relatively wider transmis 
Sion band than can be obtained from the use of 
length L. longitudinal mode of motion therein 
alone. 
The constants of the 45-degree Z-cut longitudi 

nal mode crystal element to of Fig. 3 comprising 
ammonium dihydrogen phosphate, potassium di 
hydrogen phosphate, potassium dihydrogen arse 
nate, ammonium dihydrogen arsenate, or isomor 
phous combinations are such that the crystal 
element O of Fig. 3 has a maximum value of 
piezoelectric constant d'31, a maximum value of 
longitudinal motion along its length dimension I, 
and substantially zero coupling of the length. I 
longitudinal mode of motion with the face shear 
motion in the major faces thereof, and, Conse 
quently, is a useful crystal element for many 
applications. 
In Z-cut crystal elements 2 of Fig. 2 and O of 

Fig. 3, 9=0, w=0 and the piezoelectric constant 
diss d'- (cos 2p) 

Accordingly, the value of da1 is a maximum and 
equal to 

dise 
2 

when the Z-cut longitudinal mode crystal ele 
ment of Fig. 3 has its length dimension L or 
X axis inclined at the bisecting angle of 45 de 
grees with respect to the X and Y axes, as illus 
trated by the crystal element O in Fig. 3. 

Similarly, for the X-cut and the Y-cut longi 
tudinal mode crystal elements 8 and 9 of Fig. 3 
where the length dimension L is disposed at the 
bisecting angle of 45 degrees between the Y and 
2 axes, and the X and Z axes, respectively, the cor 
responding face longitudinal. mode piezoelectric 
constants d11 and d21 thereof, respectively, have 
their maximum values and are equal to 

d4 

o 

das 
2 

For the dihydrogen crystals herein described, the 
piezoelectric constants d14 and d25 are of equal 
value, and are of relatively Smaller value than the 
value of the d6 piezoelectric constant referred to 
in connection with Z-cut type crystal element 
of Fig. 3. 
To obtain an additional Series of length Tongi 

tudinal node dihydrogen salt crystal elements, the 
45-degree X-cut, the 45-degree Y-cut and the 
45-degree Z-cut, longitudinal length mode crystal 
elements, 8, 9 and 3 of Fig. 3, instead of having 
their major faces perpendicular or nearly per 
pendicular to the X, Y and 2, axes, respectively, as 
illustrated in Fig. 3 lay be inclined in either 
direction by rotation in effect about the respective 
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width dimensions W thereof to obtain a whole 
series of new positions such that the major faces 
are not perpendicular to any of the X, Y and 2 
axes. As an example, the 45-degree Z-cut crystal 
element to of Fig. 3 rotated in effect about its 
width dimension W so that its length dimension 
is inclined at an angle between 0 and 90 degrees 
with respect to the Z axis, as indicated in Fig. 3 
by the arrow, is of special interest because of its 
relatively large piezoelectric constant da' with re 
Sulting large magnitude of motion along its length 
dimension L, and because of the lower values of 
temperature coefficients of frequency that may be 
obtained for its longitudinal length L. mode of 
motion as shown by the curve A of Fig. 3A for 
ammonium dihydrogen phosphate. Expressed in 
terms of the angles illustrated in Fig. 2, the 45 
degree Z-cut crystal element to of Fig. 3 rotated 
in effect about its width dimension W has an ori 
entation of p=0 or 90 degrees, sacá5 degrees and 
0 is a variable angle between 0 and 90 degrees, 
which may be an angle 8 of about 60 degrees, for 
example, to obtain a relatively low value of tem 
perature coefficient of frequency for the longitu 
dinal length L. mode vibration of the order of -110 
parts per million per degree centigrade as shown 
by the curve A of Fig. 3A. 

Fig. 3A is a graph giving experimentally ob 
tained data on the values of the temperature 
coefficient of frequency and of the electrome 
chanical coupling k for 45-degree Z-cut type 
length longitudinal mode ammonium dihydrogen 
phosphate crystal elements O of Fig. 3 which 
are rotated in effect about the width dimension W 
thereof from the position shown at 0 in Fig. 3 
where the angle 8 between the plate normal Z' 
and the Z axis is 0 degrees to a position 90 degrees 
therefrom where the angle 0 of Fig. 2 is 90 degrees. . 
As shown in Fig. 3A, the values of the tempera 
ture coefficient of frequency are given by the curve 
A as a function of the angle 9 of Fig. 2 and the 
values of the electromechanical coupling k are 
given by the curve B of Fig. 3A as a function of 
the angle 8 of Fig. 2. When the angle 8 is 0 
degrees, the ammonium dihydrogen phosphate 
crystal element O. of Fig. 3 has a temperature co 
efficient of frequency for its length L. longitudinal 
mode of motion of about -340 parts per million 
per degree centigrade as shown by the curve A of 
Fig. 3A, and has a strong value of electromechani 
cal coupling k of about .30 as shown by the curve 
B of Fig. 3A. When the 45-degree Z-cut crystal 
element ?o of Fig. 3 is rotated in effect about its 
width dimension W, the values of its temperature 
coefficient of frequency and its electromechnical 
coupling decrease with increasing values of the 
angle 6. At an angle 8 of 60 degrees or greater, 
the relatively lower values of temperature coef 
cient of frequency of the order of about 100 parts 
per million per degree centigrade or less may be 
obtained as shown by the curve A of Fig. 3A. The 
value of the electromechanical coupling kis rather 
low for 6 angles much greater than 60 degrees as 
shown by the curve B of Fig. 3A. 

in such 45-degree 2-cut type crystal elements 
fe of Fig. 3, p=0 or 90 degrees, was 45 degrees, 
and 6 is a variabie ange, and the value of the 
piezoelectric coastant dis' tereof is: 

A - r2 
da, -ss cos di sin 6 (for a = 0°) 

2 

in this equation, d.14 is of opposite sign to dia6, 
and d4 being of considerably smaller value than 

da F (for e = 90°) 
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de, the 45-degree Z-cut dihydrogen salt crystal 
element O of Fig. 3 may have a good coupling 
piezoelectrically. 

Figs. 4 to 7 illustrate piezoelectric crystal ele 
ments 20, 30, 3 and 32 having thickness modes of 
motion which may be either the longitudinal 
thickness mode of motion controlled by the dia' 
piezoelectric constant as illustrated by the crys 
tal element 20 in Fig. 4 and as disclosed and 
claimed in my copending divisional application, 
Serial No. 637,126, filled December 24, 1945, now 
Patent Number 2,450,0ll, or the shear thick 
ness modes of motion controlled by the piezo 
electric constants d4 or das' as illustrated by 
the crystal elements 30, 3 and 32 in Figs. 
5 to 7 and as disclosed and claimed in my 
copending divisional application, Serial No. 637,- 
127 fled December 24, 1945. The thickness mode 
crystal elements 20, 3, 3 and 32 of Figs. 4 to 7 
may be utilized at the relatively high thickness 
mode frequencies, fundamental or harmonic, to 
generate high frequency waves in liquids for 
submarine detection and also may be used as 
frequency control elements in electric wave filter 
systems, oscillation generator systems and for 
other purposes where a relatively high frequency 
or thickness mode crystal element may be de 
sired. 

Fig. 4. is a perspective view of a longitudinal 
thickness mode piezoelectric crystal element 20 
cut from crystallized ammonium dihydrogen 
phosphate, potassium dihydrogen phosphate or 
from the corresponding arsenates. The longi 
tudinal thickness mode of motion of the crystal 
element 20 of Fig. 4 is controlled mainly by the 
value of the thinnest or thickness dimension T 
thereof, and may be used, for example, to gener 
ate high frequency longitudinal waves in liquids 
as in high frequency superSonic projectors for 
submarine detection, and for other purposes 
where a relatively high frequency crystal element 
may be desired. 
. The longitudinal mode of motion which is ulti 
lized in the thickness mode crystal element 20 of 
Fig. 4 is controlled by the piezoelectric constant 
da3'. The value of the piezoelectric constant da3' 
is given by the relation: 
da3'= (2d:4--d:6) lam3m3= 

(2d 14--d6) sin p cos p sin 8 cos 8 
The value of the piezoelectric constant da3' of 

the last equation is a maximum when all of the 
direction cosines thereof are equal which occurs 
when 6-45 degrees and p=54°40' giving a longi 
tudinal thickness mode crystal element 20 of Fig. 
4, the normal Z' of which makes equal angles with 
all three of the crystallographic axes X, Y and 
2, as illustrated in Fig. 4. The major faces of the 
longitudinal thickness mode crystal element 20 

5 
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16 
the crystal element 20 of Fig. 4, represented by 
the resultant difference of these values, may be 
strongly driven since the value of the piezoelec 
tric constant das' is some ten times that of the 
piezoelectric constant da' for ammonium dihy 
drogen phosphate, and is more than two times 
that of the piezoelectric constant d14 for potas 
sium dihydrogen phosphate, and also has useful 
values in the corresponding arsenates. 
The fundamental thickness longitudinal mode 

frequency of the crystal element 20 of Fig. 4 when 
composed of ammonium dihydrogen phosphate 
has a frequency constant of about 2670 kilocy 
cles per second per millimeter of thickness di 
mension T and a temperature coefficient of fre 
quency of about -400 parts per million per degree 
centigrade for its thickness T longitudinal mode 
of motion. 

30 
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While in Fig. 4, a single orientation is illus 
trated, it will be understood that other longitudi 
nal thickness mode crystal elements may be cut 
in the general region of the orientation illus 
trated by the crystal element 20 of Fig. 4. 

Figs. 5, 6 and 7 are perspective views of thick 
ness shear node crystal elements 30, 3 and 32 
which may be cut from crystalline ammonium di 
hydrogen phosphate, potassium dihydrogen phos 
phate, potassium dihydrogen arsenate, ammoni 
um dihydrogen arsenate and isomorphous com 
binations, and made into a plate of substantially 
rectangular parallelepiped shape with its major 
faces having a length dimension L and width di 
mension W which may be of equal dimensions or 
with one dimension either longer or shorter with 
respect to the other. The frequency determining 
thickness or thin dimension T between the major 
faces of the crystal elements 30, 3 and 32 is per 
pendicular to the other two dimensions L and W, 
which may be dimensionally related to the thick 
ness dimension T to remove spurious face mode 
frequencies from the region of the desired thick 
ness mode frequency. 
The thickness shear modes of motion in the 

piezoelectric crystal elements 30, 3 and 32 of 
Figs. 5, 6 and 7 are similar to the same type of 
shear motion that obtains in quartz crystals and 
may be similarly utilized in filter systems and os 
cillator systems, for example. 
The thickness shear modes in the four iso 

morphic dihydrogen crystal substances men 
tioned hereinbefore are generated by the piezo 
electric constants d4' and das'. In terms of the 
direction cosines, these are given by the formulae: 

d4'= (d.14+d6)n (lam3--mala) -2dilman; 
d5'-' (d.14--da8) m3 (lam 1--mali) --2dlanni 

Inserting the values of the direction cosines 
in these equations, the piezoelectric driving con 
stants d4' and dis' for thickness shear mode 

of Fig. 4 may be of square, rectangular, circular 60 crystal elements become: 

da' = (di-das) cos 8 cos 2p cos sin - in 2e age in a sin 2p sin 9 sin 2 

2 des' = (d--da) cos 8 cos 2p sin 8 sin +in 2ery co- sin 2p sin a sin 
or other desired shape, and the length L and 
width W dimensions thereof may be proportioned 
with respect to the frequency determining thick 
ness dimension T thereof to reduce the effect of 
spurious face modes of motion on the desired 
thickness motion thereof. 

In the equation last given, the piezoelectric 

70 

From these equations, the piezoelectric con 
stants that have the larger values are obtained 
in the three orientations for the thickness shear 
node crystal elements 30, 3 and 32 illustrated in 
Figs. 5, 6 and 7. In the crystal elements 3D, a , 
2 of Figs. 5, 6 and 7, the frequency is controlled 
mainly by the relatively thin thickness dimen 

constant d4 is opposite in sign to the piezoelec 
tric constant das, and the piezoelectric drive of 75 son T, and the major faces thereof my be of Square or rectangular shape as illustrated in 
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Figs. 5, 6 and 7, or of circular or other shape if 
desired. 
As illustrated in Fig. 5, the crystal element 3 

has one pair of its edges along or nearly along 
the X axis, the rectangular major faces thereof 
and the normal Z' to the major faces being in 
clined at an angle of 45 degrees or nearly 45 
degrees with respect to the Y and Z axes, which 
corresponds to the orientation angles, expressed 
in terms of the Convention illustrated in Fig. 2 
of p=0 degrees, 8=45 degrees and ps:0 degrees, 
Introducing these angular values in the preced 
ing equation, the value of the piezoelectric driv 
ing constant d4 for the thickness shear mode 
crystal element 30 of Fig. 5 becomes: 

d'= (d. ; de) sin 26 did g das 
The crystal element 3. of Fig. 6 has One edge 

along or nearly along the Y axis, the rectangular 
major faces and the normal Z' to the major faces . 
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, 6-45 degrees and y=0 degrees 
as expressed in terms of the convention illus 
trated in Fig. 2. Introducing these angular 
values in the foregoing general equation for d4', 
the value of the piezoelectric constant da4' con 
trolling the thickness shear mode of notion in 
the crystal element 3 of Fig. 6 becomes: 

dist day in 5a--?di4+das -(hyde ) sin 29s (dugdu ) 
The crystal element 32 of Fig. 7 has one edge 

along or nearly along the 2 axis, the rectangular 
major faces and the normall Z' to the major 
faces being inclined at an angle of 45 degrees 
or nearly 45 degrees with respect to the X and 
Y axes, which corresponds to the Orientation 
angles of p=45 degrees, 8=90 degrees and p-90 
degrees as expressed in terms of the angles illus 
trated in Fig. 2. Introducing these angular 
values in the foregoing general equation for d4, 
the value of the piezoelectric constant d4' con 
trolling the thickness shear mode of motion in 
the crystal element 32 of Fig. 7 becomes: 

Walues of the piezoelectric Constants for all 
other angular orientations of thickness shear 
mode crystal elements may be similarly calcu 
lated from the foregoing general equation for d4'. 
The three thickness shear mode crystal ele 

ments 30, 3 and 32 of Figs. 5, 6 and 7, respec 
tively, when constructed from crystalline am 
monium dihydrogen phosphate, have frequency 
constants of about 1040, 1040, and 1015, respec 
tively, expressed in kilocycles per second per 
millimeter of thickness dimension T, and have 
temperature coefficients of frequency of about 
-308, -308, and -184, respectively, expressed 
in parts per million per degree centigrade. 
As an illustrative example of the characteris 

tics of thickness shear mode crystals, an am 
(monium dihydrogen phosphate crystal element 
30 of Fig. 5 having its width. W or length L along 
the X axis and having its thickness axis T in 
clined 45 degrees from the Z axis and having a 
length L., a width W and a thickness T of about 
1.25, 1.25 and 0.103 centimeters, respectively, 
has a fundamental thickness shear mode reso 
nant frequency, of about 1010 kilocycles per sec 
ond and a frequency constant fr of about 1040 , 
kilocycles per second per millimeter of thickness 

O 
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dimension T for its fundamental thickness shear 
mode frequency, a shear elastic constant 

c-cs c's 2 =about 7.79X1010 

a temperature coefficient of thickness shear mode 
frequency of about -308 parts per million per 
degree centigrade, and a temperature coefficient 
of about -668 for its shear elastic constant c44'. 
As another illustrative example of the charac 

teristics of a thickness shear mode crystal ele 
ment, an ammonium dihydrogen phosphate crys 
tal element 32 of Fig. 7 having its width. W or 
length L along the Z axis and having its thick 
ness axis T inclined 45 degrees from the X axis 
and having a length L., a width W and a thick 
ness T of about 1.848, 1.840 and 0.256 centimeters, 
respectively, has a fundamental resonant fre 
quency of 396.8 kilocycles per second and a fre 
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quency constant fr of about 1015 kilocycles per 
second per millimeter of thickness T for its fun 
damental thickness shear mode frequency, a 
shear elastic constant c44 of about 7.42x100, 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 elastic constant c44. 
The thickness shear mode crystal element 30 

of Fig. 5 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 =0 degrees, p=90 degrees and 9=45 degrees, 
is controlled by the elastic constant: 

c--cs 
2 

The thickness shear mode crystal element 32 
of Fig. 7 having its width W or length L along 
the Z axis and having its thickness axis T in 
clined at an angle of 45 degrees from the X and 
Y axes, corresponding to angles in Fig. 2 of 
6 =90 degrees, p=0 degrees and p=45 degrees, is 
controlled by the elastic constant C55, and for 
all angles of rotation p about the Z axis, the 
thickness shear modulus is given by: 

css'=c4 (cosp--singl=ca&E 
The thickness shear, mode frequency f of the 

crystal element 30 of Fig. 5, 3 of Fig. 6 and 32 of 
Fig. 7 is given by the following equations, respec 
tively: 

ca-c, sin 6-cascos 0 

f-sis- c-cas 2 T2T 2p 

f-iv-vi 2 p 2 2p 

1 ?es. 1.fci. fairy, arv A. 
where: 
T is the thickness T in millimeters 
p is the density which in the case of ammonium 

dihydrogen phosphate is about 1.8 
C44, C44, and css is the corresponding shear 
ing elastic constant 
The thickness shear mode crystal elements 30, 

3 and 32 of Figs. 5, 6 and 7 may be adapted to 
vibrate alone or simultaneously in two thickness 
shear modes of motion, one being the fundamen 
tall thickness shear mode and the other the sec 
ond thickness shear mode, in the manner as dis 
closed in W. P. Mason Patent 2,303,375 dated 
December i, 1942. Both the first and second 
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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. 

It will be understood that the crystal elements 
illustrated in Figs. 3 to 7 represent some orienta 
tions or cuts for which the piezoelectric constants 
are advantageous. In addition, some of these 
cuts possess advantageous elastic constants with 
zero coupling constants whereby the desired node 
of motion may be free from coupling with unde 
sired or extra modes of motion, as pointed out 
hereinbefore in connection with the face mode 
crystal elements 5 to 0 illustrated in Fig. 3. 

in the case of the cdntour or face modes of mo 
tion of the crystal elements 5 to 0 of Fig. 3, the 

10 

5 

coupling between (a) the face shear mode of 
motion, which is an XY' shear node of motion 
since the thickness T is always taken along the 
Z' axis as illustrated in Fig. 2, and (b) the length 
L. longitudinal mode of motion, which is an X't 
mode of motion since the length L is always taken 
along the X axis as illustrated in Fig. 2, is gov 
erned by the S18' elastic constant. In terms of 
the direction cosines, the value of the elastic con 
stant S16' is given by the equation: 
S16"-2S1(lila-i-m-13m2) -- (2Si2--S66) lim 

(lim2--7721la) -- (2S13--S68) 11 
In 1(lita--mima) --na (lu--mi) 

For the case of a face mode Z-cut crystal ele 
ment, having its plate normal Z' along the Z axis, 
9-0 degrees, is:0 degrees, and the direction 
cosines are given by: 
l1=cos p, ta=-six. p., 3=0, mi=sin p, 

ma=cos p, m3=0, 21-0, m2-0, ma= 
introducing these values into the foregoing 

equation for S16', the value of the coupling con 
stant S16 becomes: 

S.'-(-Sn+ S+) sin 2p cos 24e 
which goes to zero when p=0 degrees, p=45 de 
grees and p=90 degrees. 
The first and last angles mentioned of p=0 

degrees and p=90 degrees represent the 2-cut 
face shear mode crystal element of Fig. 3 hav 
ing the edges thereof parailei to the X and Y axes, 
to obtain a zero coupling coefficient S16' and hence 
no coupling of its desired face shear mode of mo 
tion with the longitudinal modes of motion. 
The p angle of 45 degrees mentioned represents 

the face longitudinal node 2-cut crystal element 
of Fig. 3 which is excited longitudinally by the 

dis1" piezoelectric constant and which at the p 
angie of 45 degrees has a Zero coupling coefficient 
S15' and hence its face longitudinal mode of no 
tion is inot coupled to the face shear node of imO 

stion. 
For the face mode X-cut and face node Y-cut 

crystal elements of gig. 3 which are excited by the 
dia piezoelectric constant, the elastic constant S16' 
coupling the face shear node of motion therein 
with the face longitudinal node of motion thereof 
becomes: 

Sie' = sin 2, Sii sin +(sa+ 
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20 
Introducing the values of the elastic constants 

for ammonium dihydrogen phosphate in to the 
hast equation, the value of Sis' of the foregoing 
equation becomes zero when p = 24-30' for the 
X-cut and Y-cut crystal elements 8 and of 
Fig. 3 when the length dimensions L, thereof are 
inclined about 24°30' from the Z axis. 
Other angles may be calculated from these 

equations that give for the more general rota 
tions the value of the coupling constant Sis'. 
The coupling between the face shear mode of 

motion and the thickness shear mode of motion 
is controlled by the elastic constant c4s' which 
is given by: 

c48'=c11 (lulls--mumm3) --can1nama-- 
(C12--Coe) lama (lim3--mills) -- 
(c13--c44) (nam3 (lilla--m17m2) -- 
nina (lal-m2m3))--C44 mim3n2 
n1nama-i-lilan-i-n1nall 
css (mimala-i-lilima). 

The value of c4s' from this equation for the 
thickness shear mode crystal elements 30 and 3 
of Figs, 5 and 6 rotated in effect about the X 
and Y axes, respectively, is given by: 

cas' = (e. el) sin. 28 
which goes to a zero value only at 8=0 degrees 
and 8-90 degrees where no piezoelectric thick 
ness shear driving Constant is present. On the 
other hand, for the Orientation of Flg. 7, 

la=m2a-121=723=0 and na-1, so that c4s' vanishes, 
and this crystal element 32 of Fig. 7 will have no 
coupling to a face shear mode of motion. 
Although this invention has been described and 

illustrated in relation to specific arrangensents, 
it is to be understood that it is capable of applica 
tion in other organizations and is, therefore, not 
to be limited to the particular embodiments dis 
closed, but only by the scope of the appended 
claims and the state of the prior art. 
What is claimed is: 
1. Piezoelectric crystal apparatus comprising an 

annonium dihydlogen phosphate piezoelectric 
crystal body adapted for longitudinal lengthwise 
motion at a frequency dependent mainly upon 
the value of the longest or length axis dimension 
thereof, said value of said elongated length axis 
dimension Corresponding to the value of said fre 
quency, said crystal body having substantially 
rectangular shaped major faces, the width axis 
dimension of said major faces being substantially 
perpendicular to said length axis dimension there 
of, and the ratio of said width axis dimension with 
respect to said length axis dimension being a 
value less than 0.6, Said major faces being dis 
posed substantially perpendicular to the Z axis 
of the three mutually perpendicular X, Y and 2. 
axes, and said length axis dimension being in 
clined at an Orientation angle of substantially 45 
degrees with respect to said X and Y axes, said 
Orientation angle being a value corresponding to 

, the maximum value of piezoelectric constant for 

2 )(eos, - sin) - Ss cos 
The value of S16' in the last equation goes to 70 said longitudinal mode of motion, to the maxi 

Zero When 

75 

mum value of said motion along said length axis 
dimension, and substantially to zero value of cou 
pling of Said desired longitudinal motion with the 
undesired face shear mode of motion in said crys 
tal body. 
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2. Piezoelectric crystal apparatus comprising 
an ammonium dihydrogen phosphate piezoelectric 
crystal body adapted for longitudinal lengthwise 
motion at a frequency dependent mainly upon the 
value of the longest or length axis dimension 
thereof, said value of Said elongated length axis 
dimension corresponding to the value of said fre 
quency, said Crystal body having Substantially rec 
tangular shaped major faces, the width axis di 
mension of said major faces being substantially 
perpendicular to said length axis dimension there 
of, and the ratio of said width axis dimension 
with respect to said length axis dimension being 
a value less than 0.6, said major faces being dis 
posed substantially perpendicular to the Z axis 
of the three mutually perpendicular X, Y and Z 

10 
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axes, and said length axis dimension being in 
clined at an orientation angle of substantially 45 
degrees with respect to said X and Y axes, said 
Orientation angle being a value corresponding to 
the maximum value of piezoelectric constant for 
said longitudinal mode of motion, to the maxi 
mum value of said motion along said length axis 
dimension, and substantially to zero value of cou 
pling of said desired longitudinal motion with 
the undesired face shear mode of motion in said 
crystal body, said length axis dimension expressed 
in centimeters being a value roughly of the order 
of 160 divided by the value of said frequency ex 
pressed in kilocycles per second. 

3. Piezoelectric crystal apparatus comprising 
an ammonium dihydrogen phosphate piezoelec 
tric crystal body adapted for longitudinal length 
wise motion at a frequency dependent mainly 
upon the value of the longest or length axis di 
mension thereof, said value of said elongated 
length axis dimension corresponding to the value 
of Said frequency, said crystal body having Sub 
stantially rectangular shaped major faces, the 
width axis dimension of said major faces being 
Substantially perpendicular to said length axis di 
mension thereof, and the ratio of said width axis 
dimension with respect to said length axis dimen 
sion being a value less than 0.6, said major faces 
being disposed substantially perpendicular to the 
Z axis of the three mutually perpendicular X, Y 
and Z axes, and said length axis dimension being 
inclined at an orientation angle of substantially 
45 degrees with respect to said X and Y axes, said 
orientation angle being a value corresponding to 
the maximum value of piezoelectric constant for 
said longitudinal mode of motion, to the maxi 
mum value of said motion along said length axis 
dimension, and substantially to Zero value of cou 
pling of Said desired longitudinal motion with 
the undesired face shear mode of motion in said 
crystal body, and means comprising electrodes 
disposed adjacent said major faces and applying 
an electric field to said crystal body substantially 
perpendicular to said major faces for operating 
said crystal body in said longitudinal mode of 
motion along said length axis dimension with sub 
stantially no coupling to said face shear mode of 
motion, 

4. Piezoelectric crystal apparatus comprising 
an ammonium dihydrogen phosphate piezoelectric 
crystal body adapted for longitudinal lengthwise 
motion at a frequency dependent mainly upon the 
value of the longest or length axis dimension 
thereof, said value of said elongated length axis 
dimension corresponding to the value of said fre 
quency, said crystal body having substantially 
rectangular shaped major faces, the width axis 
dimension of said major faces being substantial 
ly perpendicular to said length axis dimension 
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thereof, and the ratio of said width axis dinier 
sion with respect to said length axis dimension 
being a value less than 0.6, said major faces be 
ing disposed substantially perpendicular to the 
Z axis of the three mutually perpendicular X, Y 
and Z axes, and said length axis dimension being 
inclined at an Orientation angle of substantially 
45 degrees with respect to said X and Y axes, 
said orientation angle being a value correspond 
ing to the maximum value of piezoelectric con 
stant for said longitudinal mode of motion, to the 
maximum value of said motion along said length 
axis dimension, and substantially to zero value 
of coupling of said desired longitudinal motion 
with the undesired face shear mode of motion in 
said crystal body, said length axis dimension ex 
pressed in centimeters being a value roughly of 
the order of 60 divided by the value of said fre 
quency expressed in kilocycles per second, and 
means comprising electrodes disposed adjacent 
said major faces and applying an electric field to 
said crystal body substantially perpendicular to 
said major faces for operating said crystal body 
in said longitudinal mode of motion along said 
length axis dimension with substantially no cou 
pling to said face shear mode of motion. 

5. Piezoelectric crystal apparatus comprising 
an ammonium dihydrogen phosphate piezoelectric 
crystal body adapted for longitudinal lengthwise 
motion at a frequency dependent mainly upon the 
value of the longest or length axis dimension 
thereof, said value of Said elongated length axis 
dimension corresponding to the value of said fre 
quency, said crystal body having substantially 
rectangular shaped major faces, the width axis 
dimension of said major faces being substantially 
perpendicular to said length axis dimension there 
of, and the ratio of said width axis dimension with 
respect to said length axis dimension being a value 
less than 0.6, said width axis dimension being dis 
posed substantially in the plane formed by the X 
and Y axes of the three mutually perpendicular 
X, Y and 2 axes and inclined at an angle of sub 
stantially 45 degrees with respect to said X and 
Y axes, the normal axis perpendicular to said 
major faces being disposed at one of the angles 
in the range of angles substantially from 0 to 70 
degrees with respect to said Z axis, said last-men 
tioned angle being a value corresponding to a con 
trolled or reduced value of temperature coefficient 
of frequency for said longitudinal length mode of 
motion substantially as given by a point on the 
curve A of Fig. 3A for said value of said last-men 
tioned angle. 

6. Piezoelectric crystal apparatus comprising 
an ammonium dihydrogen phosphate piezoelec 
tric crystal body adapted for longitudinal length 

60 

75 

wise motion at a frequency dependent mainly 
upon the value of the longest or length axis di 
mension thereof, said value of said elongated 
length axis dimension corresponding to the value 
of said frequency, said crystal body having sub 
stantially rectangular shaped major faces, the 
width axis dimension of said major faces being 
Substantially perpendicular to said length axis 
dimension thereof, and the ratio of said width 
axis dimension with respect to said length axis 
dimension being a value less than 0.6, said width 
axis dimension being disposed substantially in 
the plane formed by the X and Y axes of the three 
mutually perpendicular X, Y and Z axes and in 
clined at an angle of substantially 45 degrees 
with respect to said X and Y axes, the normal 
axis perpendicular to said major faces being 
disposed at one of the angles in the range 
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of angles substantially 30 to 70 degrees with 
respect to said Z axis, said last-mentioned 
angle being a value corresponding to a controlled 
or reduced value of temperature coefficient of fre 
quency for said longitudinal length mode of mo 
tion substantially as given by a point on the curve 
A of Fig. 3A for said value of said last-men 
tioned angle. 

7. Piezoelectric crystal apparatus comprising 
an ammonium dihydrogen phosphate piezoelec 
tric crystal body adapted for longitudinal length 
wise motion at a frequency dependent mainly 
upon the value of the longest or length axis di 
mension thereof, said value of said elongated 
length axis dimension corresponding to the value 
of said frequency, said crystal body having sub 
stantially rectangular shaped major faces, the 
width axis dimension of said major faces being 
substantially perpendicular to said length axis di 
mension thereof, and the ratio of said width axis 
dimension with respect to said length axis di 
mension being a value less than 0.6, said width 
axis dimension being disposed substantially in 
the plane formed by the X and Y axes of the three 
mutually perpendicular X, Y and Z axes and in 
clined at an angle of substantially 45 degrees 
with respect to said X and Y axes, the normal 
axis perpendicular to said major faces being dis 
posed at one of the angles in the range of angles 
Substantially from 0 to 70 degrees with respect to 
Ssaid Z axis, said last-mentioned angle being a 
"faile corresponding to a controlled or reduced 
Yale of temperature coefficient of frequency for 
S3 id longitudinal length mode of motion Substan 
Sisily as given by a point on the curve A of Fig. 
SA for said value of said last-mentioned angle, 
Sidi means comprising electrodes disposed adja 
cent said inajor faces and applying an electric 
Sield to said crystal body substantially perpen 
dicular so said raajor faces for operating said 
Crystal cody in Said longitudinal mode of mo 
ticia along Said leagh axis disaension at said 
frequency having said selected value of saic lein. 
perature coefficient of frequency as given by saic 
point oil said curve. 

8. le2Gelectric crystal apparatus comprising 
an annonitial dihydrogen phosphate piezoelectric 
crystal body adapted for longitudinal lengthwise 
motion at a frequency dependent mainly upon 
the valle of the longest or length axis dimension 
thereof, Said value of said elongated length axis 
dimension corresponding to the value of said fres 
cluency, said crystal body having substantially 
rectangular shaped major faces, the width axis 
disaension of said inajor faces being substantially 
perpendicular to said length axis dimension 
thereof, all d the ratio of said width axis dimen 
stor with respect to said length axis dimension 
being a vallie less than 0.6, said width axis di 
mension being disposed substantially in the plane 
formed by the 3 and Y axes of the three mutually 
gerpendicular X, Y and Z axes and inclined at 
an angle of substantially 45 degrees with respect 
to Said X and Y axes, the normal axis perpen 
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dicular to said major faces being disposed at 
one of the angles in the range of angles substan 
tially 30 to 70 degrees with respect to said Z axis, 
said last-mentioned angle beling a value corre 
sponding to a controlled or reduced valuP of ten 
perature coefficient of frequency for said long 
tudinal length mode of motion substantially as 
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given by a point on the curve A of Fig. 3A for 
said value of said last-mentioned angle, and 
means comprising electrodes disposed adjacent 
Said major faces and applying an electric field to 
said crystal body substantially perpendicular to 
said major faces for operating said crystal body 
in Sald longitudinal mode of motion along said 
length axis dimension at said frequency having 
said selected value of said temperature coeficient 
of frequency as given by said point on said curve, 

9. Piezoelectric crystal apparatus comprising 
an ammonium dihydrogen phosphate piezoelec 
tric crystal body adapted for longitudinal length 
wise motion at a frequency dependent mainly 
upon the value of the longest or length axis di 
mension thereof, said value of said elongated 
length axis dimension corresponding to the value 
of said frequency, said crystal body having sub 
stantially rectangular shaped major faces, the 
width axis dimension of said major faces being 
Substantially perpendicular to said length axis 
dimension thereof, and the ratio of said width 
axis dimension with respect to said length axis 
dimension being a Value less than 0.6, said width 
axis dimension being disposed substantially in the 
plane formed by the X and Y axes of the three 
mutually perpendicular X, Y and 2 axes and in 
clined at an angle of substantially 45 degrees 
with respect to said X and Y axes, the normal 
axis perpendicular to said major faces being dis 
posed at an angle of substantially 60 degrees with 
respect to said Z axis, said last-mentioned angle 
being a value corresponding to a controlled or 
reduced value of temperature coefficient of fre 
quency for said longitudinal length mode of no 
tion substantially as given by a point on the curve 
A of Fig. 3A for said value of said last-mentioned 
angle, and means comprising electrodes disposed 
adjacent said major faces and applying an elec 
tric field to said crystal body substantially per 
pendicular to said major faces for Operating said 
crystal body in Said longitudinal mode of notion 
along said length axis dimension at Said fre 
quercy having said Selected value of said ten 
perature coefficient of frequency as given by said 
point on said curve. 
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