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INTRODUCTION.

It was the purvose of this piece of research to
investigate the mechanical and electrical phenomena in
Rochelle salt erystals, under various temperature @emp-
eratur@ conditions with especial attention directed to-
wards the mechanical property as a function of the elec-
trical conditions. In connection with this it was also
our purpose to determine the force charge relation of
the crystal and to find indications as to the way in
which a charge appeared and disappeared, both on short

and open circuit.

These investigations were carried on upon the
same crystal and at the same time, in such a way that
an accurate comparison could be made of the relation be-
tween the two. Although some work has already been done
in recent years on this subject, no one has uttempted
so far as we know to compare the values of the mechanic-
al and electriecal propetties of the same crystal simul-

taneously.

*Piezo~electricity was discovered in 1880 by the

L L -

*Poynting and Thompson, Elect. and Mag. 148.
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brothers, Jacques and Pierre Curie, while investigat-
ing the pyro-electrical properties of crystals. *Pyro-
electrieity, or the electrical efrect due to temperat-
ure change, had been known for some time, having been
discovered about 1700, This is a phenomena, similar
to that of piezo-electricity, with the differnce that
in most cases the charge due to the thmperature change
accumulates on the ends of the crystal. Tourmaline

is fthe most notable example of this. Due prodbably to
the fact that in many characteristics quartz resembles
tourmaline, the Curies discovered the effect of pres-
sure on the charge in the quartz crystal. They also
noted that in the quartz crystal the compression pro-
duced the same effect as the cooling, and the dilation
the same as the expansion due to heating. A great many
means have been utilized in determining the charge on
such crystals, but they are of such nature that they do not

require relating in this paper.

SInce the date of discovery of this remarkable
phenomena many crystals have been found to possess this
property to a slight degree. It is generally known

that in all erystals whose axes are polar, that is those

*
Voigl, W. Lehrbuck der Xristallphysik,
(Art. 399, p. 801)
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of which the opposite ends of an axis are not alike in
the grouping of the atoms, there is at least one and,
usually many directioms along which the application of
force will produce a charge, either on the planes where
the force is applied, or on the surfaces perpendicular
to this. The accumulation of electrical charges are of
opposite signs on the opposite sides or ends. In most
cases this efzect is extremely small, but in a few it is
very appreciable, and in a very few, the most notable or
which is Rochelle salt, the effect is cmmparatively
large and is far greater in one specific direction than

in any of the others.

Various Prench and German tables* 1listing phys-
ical constants refer oceasionally to piezo-8lectricity
and give only a few qualitative values for it.’Poynﬁing
snd Thompson, in their text on Electricity and Magnetism
page 148, give a more complete discussion of it than is

found in any of the standard works on physics.

Probably due to the minuteness of the charge

that accumulated on the crystels, and the seening uvter

*_.Tables Annuelles de Constants, Donnes
Numeriques Chemie, de Thysique et de
Technologie. (1910-1921¥

~Landolt, Borunstein,lieyerhoffer - Tabellen.
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uselessness of them, the interest in this subject died
down in the late nineties, and it has been only in the
last decade thet attenticn has again been turmed to it.
During the war Roeheile salt crystals were investigsted
with the idea in view, of using them in sensitive micro-

rhones, but no very practical results were obtained.

7. G. Cadyl

of Wesleyan University, Middletown
Connecticut, is among the investigators of this country
who, during the past few years, have inguired more care-
fully infto the properties of the crystal and made deter-
minations of the constants. J. Valasek2 of Minnesota,
demonstrated that the dilation of the crystal comld be
brought about by applying & potential diffterence between
the surfaces of the crystal, and also showed that there
existed a permanent polerization in the natural state so
that it affectively caused a hysteresis effect in the

crystal, Anderson5 and Wood4 made investigstions pure-

=

ly with the ideas in view of adapting the crystal to

signal and seismographic uses respectivedy.

(1) Reports to the National Research Council,
May 1918.

(2) ©Physical Review, XVII, 475, 1921.

(3} Reports to the National Research Counecil,
March and April, 1918,

(4) Bulletin of the Seismological Society of
America, ZXI, To. 1, March 1921,



PREPARATION .

The problem was to arrange apparatus in such a
way that the crystal cculd remain inside the container
throughout the entiee experiment, and the conditions be
kept constant for the different phases of the problem.
Not wes only was it decided that conditions must be
kept constant while working the mechanical and electric-
al relations, but that the instrument should be so arr-
anged as to allow the determinations of the values of
the modulus and quantity of charge at the same time.
This was the innovation over methods used in investigat-

ing the problem previously.

With the above regquirements in view it is read-
ily seen that a device must be used which would apply
the force evenly and regularly, and with suitable variation,
that a second device must be arranged to measure the
modvlus, which since the charge was liberated by means
of a force, must of necessity be a means to measure the
compression of the crystal when the force was applied.
On account of the limited space under thé bell jar, the
Michelson interferometer could not be used, and it was

found necessary to devise a small interferometer, in.

volving the half silvered mirrcr idea of the Fabry and

(B)
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Perot instrument.

The solenoid was selected as the most advisable
means of applying the forece to the crystal, because the
control could be easily made from the outside. Since
there is no very definite general formula for the force
of attraction of the plunger towards the center of the
sclenoid, some sort of arrangement was necessary to det-
ermine the value of the force applied, to the crystal
for a given current through the solenoid. To do this
the Jolly balance spring was decided upon. The plunger
therefore was suspended from the lower end of the spring,

Figure (4).

All of the apparatus mentioned above was conta-
inedd inside of a glass and metal case, and the atmosph-

ere could therefore be easily controlled.

As a means of measuring the quantity of the
charge a Leeds and Northrup galvanomter with a sensi-
tivity factor of 2241 megohms, was considered adequate.
This galvanometer had a critical damping resistence of
8100 ohms, with a resistance of 525 ohms, and period of

5,85 seconds.
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Rochelle salt crystallizes in the hemihedral
torm as distinguished from hemimorphic class ot the
orthorhombic system. The form is that of an orthorhom-
bic prism, whose Miller symbols are (1,1,0), ( ,1,0),

{

™y

0,1,0) and for the basal pinacoids (0,0,1). That is
Rochelle salt belongs to a class in which the crystal
forms are Yeferred to the three axes at right ahgies fto
sach other, but in which the planes of the simplest
prismatic bounding surfaces, in their ideal natursl dev-
elpement, intercept these axes at ditferent distances
irom the common c¢enter of the crystal, so that in cry-
stalliographic language, the axial ratio is, : ¢
Figure (1). This class has no center of symmetry,
consequently the two ends of each principle axis, or of
any direction through the crystal, are unlike in respect
to physiecal properties. Theretore each axis is a piezo-

electric axis.

Since all of the principle axes are polar, there
are many ways in which the plates would be cut trom the
erystal, to yeild the piezo-electric effect. However the

best way is considered to be that given as follows:

(7)
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A thin plate or given thickmess (t), was cut from the
erystal in the (be) plane, and from this thin plate a
long siim slab, of length (L), and wiath (w), was cut
so that its sides were inclined to the edge with an
angle ot 45°, hence in the (be) plame the crystal siab
was inclined at an aggie or 45° to the (b) and the (e)

axes, TFigure (2).

The crystal is so very brittle and easily broken
that great care had to be excercised in the preparation
ot it. The cutting was done with a wet thread, which
dissolved the crystal away. This had to be done so slow-
ly that a device was contrived to run an endless thread,
immersed at one point in water, by means oxr an electric
motor, continually over the crystal. By means ot an
adjustment to slip the crystal along, the shickness oI
the slab could be carefully controled., Migure (3) ex-
plains this device amply. After the samnle was cut out
it was gently ground to even surdaces on a glass plate
with emery, and was then scrapped with a sharp razor

lade and was finally polished with water.

The flat sides of the ecrystal slab so prepared,
were covered carefully with a very thin coat of fin-

foil, cemented on with asphalt cement prepared in the
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following manner: A piece of asphalt gum was ground to
a fine powder, and dissolved in Benzene, (06H6) fornming
a very tenacious and rapidly drying cement. Benzene
was particularly desireable as a solvent because it
apparently in no way affected the crystal. Shellac was
not used because it was feared that the alcohol which
dissolved the shellac, would alter the crystallographic

structure of the surface, and possibly alter the €onst-

ants determined.

The relation existing between the charge and the
dimensions of the crystal and the force applied, as
given by Harry 0. Wood* , is

Q=XLF /%
- where (Q) is the charge, (K) is the piezo-electric
modulus, (L) the length, (F) the force, and (t) the
thickness. It is readily seen from this equation that
the width makes no differance in the charge produced,
so for the most -accurate results, the crystal should
be as long as possible, thin, and as narrow as is mech-
anieally convenient, and wafe, in order that the shrink-
age be of the magnitude sufficiently large to be accur-

ately measurad.

* Bulletin of the Seismological Societ
of America, XI, No.1, p. 20, (1921
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Crystal Compressor.

Pigure @) 1is a cut showing the general scheme
of the construction of the instrument which was used in
applying the force. The base was of very strong and
substantial wood, so fthat it would noft be appreciably
altered by changing weather conditions. Upon this base
was mounted, first the secondary hard rubber base which
supported the upright solenoid and the interferometer.
The latter will be described later. This rubber plate
was polished so that a bell jar when well greased would
make a firm airtight joint. PFrom three equally spaced
poinfs near the edge of the wooden base, three supporits
arose meeting in the center, about one hundred and twenty
centimeters above the base. On top of these supports
a wifddlass was mounted which could be used to lower anmd
raise the Jolly balance when measuring its elongation.
The Jolly balance was surrounded by a glass tube, which
by means of rubber washer and cap was sealed to the
bell jar, thus preventing the air currents from chang-
ing the local conditions. Both the wooden and the rub-
ber base conld be accurately leveled by means of level=-
ing serews, so that the soft irom plunger hung directly

centered in the solenoid, and the central opening, in
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turn was emacily vertical. By this means the plunger
was enabled to hang freely in the opening. A furfher
adjustment was arrangsd on the plunger which permitted
the most advantageous position of the plunger in apply-

ing the force to the crgstal.

Interferometer.

The interferometer was constructed on a small
steel base about three centimeters wide and nine cent-
imeters long and one cenftimeter thick. Near the center
of this plate was placed an upright support with an ad-
justable bridge which moved quite firmly in a brass
track, along the vertical direction and could be adjust-
éd by means of the screw (a) Figure (5). This support
was sharpened to a very fine knife edge so that the opt-
ical lever of the interferometer would have a firm ,
easy and definite fulcrum over which to rotate, when the

crystal (e¢) was compressed.

2

Upon the outer end of this optical lever twhere
was attached a 40 percent silvered mirror, so that it
would respon? to the movement of the lever. Directly

beneath this upon another auxiliary table, built up so
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that it supported a full silvered mirror, within one-
half millimeter of the half silvered mirror. This table
was securely fastened at the rear, (b), and the front
corners adjustable by means of the two screws (d) and
{a'}, so that by the use of the large screw (a) and the
two small screws (d) and (d4') the two mirrors could be
brought into exact parallelism. These ad justments were
brought out through holes in the base and adjustment
made from underneath the entire instrument. Upon the
rear end of this rectangular steel plate a support was
arranged for the crystal in the form of brass pillars
attached to the sides of the plate. Near the tops of
these pillars two holes were drilled a distance apart
corresponding to the thickness of the crystal. Glass
rods were placed crosswise through these holes, and the
erystal placed between thew, Figure (5). As a precaut-
ion against having a film of cement between the crystal
and the steel plate, the crystal was placed in postion
between these rods and a heavy weight placed on it, then
cement was coated arowund the base. It is to be noted
that the crystal was supported directly beneath the sol-

enoid when finally placed in the instrument.

Tn order that plane parallel light could be throm

into the interferometer, the first bell jar that was used
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had to be discarded and a new one substituted, Plate I.
This bell jar was made from the cylindrical portion of
a large bottle ground so that it would make airtight
joints with the rubber base and the iron plate (a) Fig-
ure (6). A full silvered mirror placed at an angle of
45Q over & hole in the iron plate directly above the
interferometer, reflected plane parallel light to the

mirrors below.

As avsouree of monochromatic parallel light, of
known wavelength, a sodium flame was used; this was
thrown through a simple lens with the flame at the focal
length of the lens so that the light transmitted to the
interferometer would be plane parallel. A rectangular
piece of plate glass was used to throw the light to the
45Q mirror on top of the bell jar. The fine filament
wires of an incandescent light were used to adjust the
mirrors to a position near where the interference bands
appeared. The movement of the bands was observed by
counting them gs they passed the cross hairs of a tele-
scope which was placed behind the rectangular piece of
plate glass. This permitted an accuracy, dn measuring
the compression of the crsytal slab, of a few tenths of

a wavelength.
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Calibration of Solenoid

In order to measure the force exerted by the
solenoid on the crystal for different vaiues of current
it was necessary to calibrate it by means of a Jolly
balance spring. Figure (4) shows the location of the
spring in the instrument. According to Hook's law the
elongation of the spring,within fthe elastic limits, is
proportional to the force camsing it. Now by determin-
ing the constant of the spring, by means of & known
force and its corresponding elongation, the force produ-
cing any given elongation may be calculated. While the
plunger was resting on the crystal, the solenoid current
was turned on and the Jolly balance spring stretched by
means of the windlass on top of the stand, to the length
at which the force of the spring just overcame the force
of the solenoid. The elongation was then carefully
measured by means of a cathotometer, which was as close
as possible to the instrument, to eliminate all possible

errors, and was accurate to within .5 of a millimeter,

Using different values of current measured by a

Weston model 280 ammeter, the solenoid was calibrated
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in the above manner. Table (1) gives data of this cal-
ibration as recorded in the laboratory note book. Fig-
ure (8) is the curve repmesented by this data. The
constgnt force per centimeter elongatioh, calculated
from the elongation of the spring, casued by the weighf

of the plunger, equals 26,900 dynes.

It was difficult to control the current in the
solenoid so that there would be no error in the forces
apprlied. This was especially true for the higher
values of the current, and it may be noted that from
the solenoid calibration curve, a small variation in
the current for the higher values would make a great

efrect on the forces.
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May 13, 1922.
TABLE, (1)

Calibration of Solenoid.

Force Lower Upper Length Elongation
Wo load 9.56 48,38 38.82 - -
Plunger 18.19 59,53 41,34 2.52
2 amps. 9.64 53.00 43,36 4,54
3 ampS. 9.64 55,60 45.96 7.14
4 amps. 9.64 60.34 £9.70 11.88
5 amps. 9.64 63.90 54.26 15.44
6 amps. 9.64 69.63 59,99 21.17
7 amps. 9.64 75.21 65.57 26.75
8 amps. 9.64 84,30 7466 35,84
9 amps. 9.64 92,98 83.34 44,52
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Calibration of Galvanometer.

The electrical phenomena which appears on the
surface of the crystal, is of the naturé of a charge,
rather than a source of continuous current. MNaking
the assumption that the charge is liberated within the
rericd of the galvanometer, it must then be calibrated

for charge rather than for current.

The condenser method was used for this calibrat-
ion, since it is the simplest and most accurate way of
determining the quantity values of a charge. Figure
(14) shows the comnection for the set-up of this arrang-
ment., Tables (2,3, and 4) in commecticn with Figure
(9) show this ealibration to be a straight line where
one centimeter deflection equals, 7.37 X 10"9 coulombs,
or stated in an equation,

K / eme = 7.37 X 1077 coulombs...

The galvanomefter was left on suspension through-
cut the entire investigation, and was insulated by
mounting all the instruments in that circuit on heavy
glass plates. Airline connectionw were used to avoid

stray currents due to poor insulation.
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TABLE (2) May 6, 1922.

Calibration of Galvamometer.

Volts M. F. Charge Deflection
03 .1 3 X110 .45
.06 ol 6 .88
.09 ol 9 1.3
12 o1 12 1.8
«15 ol 15 2.2
.18 ol 18 28
21 ol 21 2.9
024 ol 24 3.4
#B7 ol 27 3.7
« 30 ol 30 4.1
35 ol 33 4.5
«36 el 36 4.9
«39 ol 39 5.4
42 | 42 5.7
45 ol 45 6.1
« 50 o1 50 6.7
« 60 ol 60 862
# 70 el 70 9.5
.80 ol 80 10,8
» 30 - | 90 12.3

1.00 o 100 13.6

1.10 | 110 15.0

1.20 ol 120 16.6

1.30 . | 130 17.7

1.40 el 140 18,8

1.50 el 150 20.8
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May 6, 1922,
TABLE (3)

Calibration of Galvanometer.

Volts M. F. Charge Deflection
.1 .05 5 X107 .7
o2 «05 10 1.3
o3 «05 15 Rel
o4 .05 20 2.8
o «0b 25 3.4
o6 05 30 4.1
o7 005 35 4.6
o8 « 05 40 b.6
2 .05 45 6ol
1.0 «05 50 6.7
1.1 .05 55 7.4
1,2 .05 60 8.1
1.3 «05 65 8.8
1.4 <05 70 9.5
1.5 «05 75 10.2
lMay 6, 1922,
TABLE (4)

Calibration of Galvanometer,

Volts M. F. Charge deflection
- | o2 20 XlO'9 2.7
.2 .o 40 5.6
3 .t 60 8e2
o4 o2 80 10.7
eO o2 100 13.4
b o 120 16.1
o7 o2 140 18.8
8 ol 160 2l.b
o9 ol 180 24.3

1.0 o2 200 26.0



i1

11T

LT
-

IO
T

e

NN

-




(29)

There may be a slight error in the electrical
efrects, of a few percent, due to the fact that the
charge may not be entirely given up within the ballis-
tic period of the galvanometer. Table (5) gives the

most direct hints as to this.

Humidity and Temperature Control.

In all the previous work done on this problem
great discrepencies arose due to the changing of vapor
and temperature conditions. There was need therefore
that some precaudions be made in order that the humid-
ity be held at some constant value. To do this a
solution of 84.5% sulphuric acid® was used, but which
gave very unsatisfactory results. When the temperature
was raised fto a value of near 2500. there would appear
a condensation on the inside of the bell jar, presumab-
ly due to the cooler ftemperature on the outside. Further-
more there were stray charges produced insome unaccount-
able way, which caused much trouble with fthe galvanometer,
These difficulties were overcome when calcium diloride

was substituted for the sulphuric acid. The vapor

-~ - - - -

* Tabellen, page 166, table 74.
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pressure of the erystal was maintained constent by
coating it with the asphalt cement prepared as already

explained.

Through the iron plate on top of the bell jar a
hole was drilled fhrough which a sensitive thermometer
was placed so that the bulb was within a2 few millimeters
of the crystsl, thus making careful temperature observ-
ations possible. The thermometer would not however reg-
ister any possible momentery increase in the temperature
due to the force being applied to the crystal. Iron
served the purpose adequately for use in the plate on
top of the bell jar, since it was a fairly good conduct-~
or heat, To cool the inside of the bell jar, metal
cups containing ice and salt were placed on ftop of this
iron plate. The ccol atr at the top caused convection
currents which tended fto keep the temperature through-
out the jar reasonasbly even. Figure (6) shows the relat-
ive side elevation of the bell jar as it was used in the

experiment. (ce and salt containers not shown in Fig. )

Throughout the entire experiment there was also
a thermometer (not shown in figure) placed above the

solenoid to indicate the temperature of the coil, that

excessive heating might be avoided.
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Proceedure,

Upon completing the details of the instrument
and preparation for the actual determinations, conditions
were brought to equilibrum. In running the force charge
curves, the interferometer was not read; the temperat-
ures were kept as nearly constant ws was possible by
the brine vats placed on the iromn plate on top of the
bell jar. The solenoid cureent, the galvanometer def-
lections and the temperatures were the only things read

in this part of the investigation.

In the temperature charge curves the solenoid
current was kept at a constent value, and the deflect-
ions noted for decreasing temperatures. A decreasing
temperature was used because the instrument, which was
not designed for minute temperature control, gave more
consistant results when cooling, than when heating.
Different values of solenoid current made possible

several distinet curees for this redation.

In determining Young's modulus, & sudden appli=-
cation of the foreve would have made the bands move so
rapidly that it would have been impossible to count

them. It was therefore necessary to increase the
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current steadily from the zero velue to the maximum,
so that the movement of the bands would be well with-
ir the range of distinctness. To discover it there
wag any consistant appreciable effect ot temperature
change on the modulus, both thermometers were read
for each value. The time taken in covering the rsnge
of currents from zero to ten amperes would not in any

cagse exceed five seconds.

The time, both for short circuit and for open
circuit, necessary for the charge to dissipate itself
was noted, and its results are to be found in Table

(6), and discussed turther in the Besultas.



RESULTS.

Table (6) gives data as recorded in the labor-
atory of the force charge valiues. Figuie (10) is the
curve which represents in graphical fashion these res-
ults. When values of forces interpolated from the sol-
enoid calibration curve, are plotted against the charges
interpolated from the galvanometer calibration curve,
as shown in Figure (11), it shows a constant relation
existing between the force and the charge, which veri-
fies the formula previously quoted from Wood, that the

charge is directliy proportional to the force.

It is interesting to note that the points which
lie below the curve are points with temperatures above
the mean and those above the curve correspong to points
whose temperatures are below the mean. The temperature
curves which follow, clearly indicate that, qualitativ-
ely at least, these points would be moved nearer to the
curve if corrections were made for the variation in tem-

perature.

Tables (7), (8) and (9) give data as recorded in
the lavoratory for veriations in charge due to temperat-

ure change, when the force remains constant. Figure (12)
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May 18, 1922,

TABLE (5) ‘
Charge Time Data.

Temp. 22°C, 6 amps. Deflect 10 cm. (open) Leak 4

sec. and deflects 1 cn.

Temp. 22°C. 6 amps. Deflect }7 cm. (short] Leak 4
sec.- deflects 1.6 cmn.

May 12, 1922,
TABLE (6)

Force Charge Values.

Coil Temp Cxpstdl Bemp Deflect. Current Force

24,4 R3.4 1.17 2.0 4,2 X26900
4.4 23.5 1.47 2.3 4.8
24.4 23.5 2,02 2.7 665
24.0 23.6 3.23 3.4 8e7
23.9 23.6 4,85 5485 10,8
23,9 23.45 6.3 4.7 14,1
24,1 23.35 Tad 4.9 15.0
24.2 23.3 7.7 5.0 15.44
24.3 23.2 8.6 5.2 16.2
24,5 23.2 8.9 5.9 16,7
25.0 23.2 9.6 5.5 18.0
25.2 23.2 10.1 5.7 19.2
25.4 23.2 10.6 5.9 20.4
25.4 23.2 11.7 6ol 2l.3
25.5 23.2 12.7 6.5 23.4
26.5 23.2 1s.2 6.7 2446
25.9 23.3 15.2 7e4 3040
26.0 2.4 16,0 7.5 3Le2
26.1 23.3 19.1 8.4 39.0
26,2 23¢3 21, 9.0 44.6
26.6 23.3 25.6 10.0 54.0
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May 13, 1922.
TABLE (7)
Temperature Charge Table.

Coil Temp. Crystal Temp. Deflect. Current

32,0 2665 1.00 b}
29.0 24,7 1.15 3
28,0 24,0 1.40 3
27.9 237 1.50 3
2649 23.9 1.75 b
26.0 22.8 2,12 o)
25.2 22.4 2,70 b}
24.8 22,0 3.8 )
24.0 21.6 4,30 o)
2569 21.2 4,90 po)
23.0 20.8 5,20 o)
22.2 20.4 5.45 3
21.8 20.0 5,30 o)
21.3 19.7 5.20 3
21.0 19.56 5,10 Fo)
20.7 19.9 5.00 3
20.4 19.0 5,05 3
19.9 1867 4,90 3
19.0 18.4 4.85 3
18,56 18.0 4.85 3
18.0 17.7 4,70 3
17.6 17.4 4,60 3
17.2 17.2 4,45 3
17.0 17.0 4,35 3
16.8 16.8 4,30 3
16.6 16.6% 4,30 3
16.0 16.5 4,10 ]
16.2 16.2 3.90 3
16.0 16.0 3.80 S

* Not plotted.



May 13, 1922,
TABLE (8)

Temperature Charge Data.

Coil Temp. Crystal Temp. Deflect. Current

32,0 25,1 4,8 6
31.0 24,8 5,0 &
29,0 24,3 5,7 B
28.5 23.5 7.4 6
27.5 23.1 9,0 5
2%7.0 22.8 10.2 6
2605 22.4 1007 6
26.0 22.1 12,8 6
25.8 21.8 14.2 6
2505 2107 15.5 6
25,3 21.5 16.3 6
25,0 212 17.7 6
2¢.8 21.0 18.1 6
24.6 20,9 18.8 6
24,4 20,Y 19.5 6
24,0 20,6 19,7 6
23,8 20,4 20,0 6
23.8 20, 2* 20.2 6
23,6 20.1 20,5 6
23.5 20,0* 20,7 6
23,5 19.8 20,7 6
23,3 19.6% 20.5 6
23,0 19.5 20.3 6
23,0 19.2 20,0 6
23,0 19.0 19.9 6
23,0 18, 9% 19.8 b
2300 1807 20’0 o]
23.0 18,5* 19.8 b
23,0 18.4 19.7 6
22,5 18,3* 19.7 6
22.5 18,0 20.3? 6
22¢3 18.0 19.7 6
22,0 17.7 19.7 b
22,0 17.5 18.9 6
22.0 17.5% 19,47 6
21.5 17.4% 18.7 6
21.0 17,8 18.3 6
20,0 16,9 17,7 6
20,0 16.6 18.0 6
20.0 16,0 17T 6
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S May 13, 1922,

Temperat
are Char
gs Data

Coil Tem
e
Crystal Temp. Deflect
et. Curre
nt

v 5.2
31,5 ey 6.9
31.0 o x :
30.8 S 7 :
30,5 ey 5.2 :
29,5 . a7 :
29,5 g 0.2 ;
29,2 - o5 9
h 23,2 o ;
255 2242 10.5 5
28,6 B2 T 204 :
28,5 28, E" 215 :
28,0 g 1403 :
27,9 22.2 16.0 :
27,7 Soe s 17.1 9
27,6 e 15.3 :
27.6 R 19,5 :
on.7 21, 7% &t 9
27.8 - 2200 :
2748 21.2 255 :
27,8 al.2 25.0 :
27 L2, 25,0 .
275 Ls 2 26.3 ]
278 e, 27.2 :
278 L. 2843 ]
27.6 20,5 0.2 :
27.3 RSqE" 5.3 :
2645 29.1 s 9
26,0 - 3501 :
26.0 e 4.5 9
26,0 1942 500 :
25,8 5.1 5.3 :
25,5 2 os2 3.5 :
25,5 19.4° 5.3 :
25,2 o= 6.4 :
25,0 e 57.0 :
25,0 18, 7¢ 36.0 :
25,0 18. 350 9
18.5, 39,0 :
38,5 g



Coil Temp.

OPEN
278
30,0
30,0
32,0
27.0
87,0
33.3
21.6
23,0
27,0

SHORT

=25 9
29.5
30,0
29,0
3363
35,0
23.8
2242
3340
29,0

25,0
25,0
25,0
24.5
24,0
22,0
21l.2
20.0
20,0
1845
15.0

(40)

Table (9).

18.3
18.1
17.9%
17.8
17.4
17.0
16.6
16.1
16.3
15,7
14,9%

TABLE

(Continued)

38,5
38.3
37.9
38,0
3749
377
377
3604
37.0
3663
32.4

W WOLLCLCLWWW LW

sy 12, 1922,

(10).

Young's Modulus Deta.

Crystval T. Bands

23.4
23,4
23,3
24.0
22,5
22,5

. 22.6

17.0
2l.4
23,0

23.4
23.4
23,3
22,5
22,6
22.9
17.8
22.2
22,2
23.3

5.4

® & o o ¢t o
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10,0
10,0
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Modulus

959x10

1.036
1.177

. 959
1,295
1,177
1.295
1.2956
1.295
1.295
1.178

«545
« 576
«518
.432
« 545
«576
«518
. 398
« 432
432
. 497
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shows the curves plotted from this data. There is a

genreal consistancy in the shape of the three curves,

Referring to the ealibration of the galvanometer,
Figure (10}, the charge per unit deflection is given
8s  7.37X 10”7 coulombs. Using this value the minimum
charge given off, Table (7) 1line 1, equals 7.37X 10~2
coulombs. Using the Maximum deflection,Table (9) line
38, the greatest charge given off was 2,87X 10~"7

coulombs.

Table (10) shows data as recorded in the labor-
atory for Young's modulus, the last column giving values
as calculated from the formuls*,

M= PL/ae
- where (M) is the modulus, (PF) the force, (L) the
length of the crystal, (a) the area of the cross section,
and (e) the displacement. Values of crystal dimenstions
from Table (11) were used in the above calcualtions. The
average value for the modulus when there is no release
of the electrical strain, is equal to, (1.178 4.15) 1011
dynes per square centimeter., The average value when the
electrical strain was relieved by short circuiting the

11

tinfoil coatings, is equal to, (.497£.07) 10 dyneaknn?

* Poynting and Thompson, Properties of Matter,p.71.



(43)
May 12, 1922.
TABLE (11).

Crystal Dimemsionms,

Thickness Tidth Length

« 289 1.715 4.5
. 286 1.742
« 300 1.742
« 310
« 310
Average -.299 1,733 4.5

Area of ftinfoil 7idth times length.

Jeight of Plunger 69.18 grams.

n

Crystal - Fulerum 2.58 / 3,00 (cm.)

Falerum -~ Mirror

May 13, 1922.
TABLE (12)

Humidity Data.

Condition. Coil.Bemp. Crystal Bemp. DefRect. Current

Dry 21,0 21.0 11.7 640
We't 22,3 22,53 20,2 6.0
Tet 22,4 22,4 19,7 6.0
et 22,8 22,8 18.5 6.0
Wet 23.8 23,0 17.3 6.0
Dry 23,5 23,0 15.4 5.8
Dry 23.5 23,0 17,0 6.0
Dry 24,0 23,0 17.6 6o 0
Dry 2. 40 23,0 16.5 6.0

Dry 26.0 22,9 15.2 6.0
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In Table (5) it seems that there is a very int-
eresting fact hidden, which if considered carefully will
lead to some very definite conclusions regarding the
nature of piezo-electricity. In the first line of the
table where the galvanometer was closed four seconds
after the forece had been applied to the crystal, there
remained suffieient charge to cause the deflection of
ten percent of the normal value at that force and temp-
srature, This would, at first glance, indicate that
at the end of this time, - 4 seconds, = all but the last
ten percent of the charge had leaked away. The second
part of this table, however brings to view a fact that
seems contradictory to this. “hen at the end of four
seconds after the force had been applied to the crystal,
the key short circuiting with negligible resistance the
two plates on the crystal, was opened there still rem-
ained about tenpercent of the normal charge. Now if the
appearance of the charge was simultaneous with the app-
lication of the force, and it gradually leaked off
through the intermal conduction and poor surface insulat-
ion, the short would have, at the end of four seconds,
annihilated the charge completely. But since it did nof,

it would seem to indivate that the charge is more of

the nature of a volume effect than a surface effect.



SUMMARY .

Prom the evidence gathered from the data it
would appear that, (a) the charge bears sdme relation
to the temperature, and at certain temperatures the
charge reaches a maximum value; (b} the Young's modulus,
so far as can be determined,is in no way influenced by
the temperature; (ec) the Young's modulus of the crystall
is closely connected to the electrical strain which
may exist; (d) the generation of the charge appears to
extend over a finite period of time, and if not conduct-
ed off dubing this time, a readjustment prodbably takes
rlace by reason of the molecules arranging themselves
in such a faghion that the strain is relieved, which
allows the free electrons to regain a position of equi-

librium.

In concluding the writers wish to expréss their
indebtedness to the Physics Repariment of the University
of Xansas for making possible this investigation, to
the Gem eral Flectric Company for aid in supplying
crystals, and to Mr., J. D. Stranathan for tracing the

drawings. In particular they wish to express their
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thanks to Dr. F. BE. Xester for suggesting the problem,
and to Dr, Austin Bailey for the many helpful suggest-

ions which he made, and for his untiring efferts in

directing the work.

Blake Physical Laboratory,
University of Xansas.



APPENDIX.
Modulus by Bending.

It was at first thought that perhaps a value of
Young's modulus might be obtained by means of bending,
since the value obtained by W. G. Cady was of the order
of, and somewhat near the value accepted for ordinary
glass. In order to prepare for a trial of this scheme
a preliminary test was made on a piece of glass of
approximately the same dimeasions as the crystal to be
used. Solid supporting knife edges were arranged such
that weights might “be applied and the bending measured
by means of an accurate traveling microscope. Figure
(13) shows the arrangement of thds set up. For calul-
ating the value of Youngs modulus the usual formula*
was used,
M o= ow I°/4va®B

- where (M) is Young's modulus, (w) the force
applied, (L) the length, (b) the width, (d) the thick-
ness and (B) the bending observed. It was found that
values of Young's modulus gould be obtained which would

check within 1% as shown by Table (13).

* Stewart and Gee, Vol.l, pp. 162-195.
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f’ig. /3.

Fig. 11
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A crystal of Rochelle salt was then prepared as
specified on page nine of this paper, and placed upon
the knife edges. It was found thet upon applying a
force to the crystal, it showed no apprecisble bending
before the breaking strength was reached. Since the
order of magnitude of the displacement was so smell an
interferometer would necessarily have to be used. But
since the other data was to be teken for longitudinal
compression the interferometer could best be used in

directly measuring the compressional displacement.

TABLE (13).
lodulue of Glass.

Length  Width Thickness Force Bending Modulus.

4,63 2.58 Lo71 200g.  .0093  5.663 x 1011

4,10 Ce 60 « 071 500g. .0159 5.706 X lO11
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Cathode Spuftering.

The mirrors used in the interferometer were made
. by silvering optical flats by means of cathode sputter-
ing. To do this a silver plate was suspended in a
vacuum directly above the piece ot glass to be silvered.
A glass tube with a piece of platinum wire sealed in the
end was inserted through a rubber stopper into the top
of the bell jar, and used as the suspension. The bell
jar was then set on a2 metal base and connected to a
"Cenco High-Vac"™ pump. When the pressure was well below
one pillimeter, a aigh voltage, direct, interrupted
current was sent through by means of & mercury interru-
pter and induction coil and in such a direction that

the silver plate was the cathode. The pressure was
lowered until the Crookes' dark space surrounding the
cathode just reached the surfece of the mirror to be
sputtered. The percent of transmission was then

determined by means of a photometer.
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PLATE 1I.
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PLATE 1II.
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PLATE III.






SUPPLEMENTARY NOTES.



