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XIX. On t]~e Change in the .Double Refraction of Quartz pro- 
duced by .Electric .Forces. By Prof. W. C. R6:sTaE•*. 

I T is well known that Sir W. Thomson has endeavoured to 
explain pyroelectrie phenomena by assuming that the 

interior of pyroelectric crystals is constantly in a condition of 
electric ]oolarization ; the external action of this polarization 
is neutralized by a constant electric charge of the surface, 
so long as the polarization remains unaltered. Changes in the 
temperature of the crystals alter this condition; and the pyro- 
electric phenomena observed are the consequence of this 
change. 

This view is supported by the phenomena recently observed 
by Messrs. J. and P. Curler, confirmed by Eankel $, and dis- 
tinguished as piezoelectric, as well as by the experiments 
made by J. and P. Curie § on the changes of form produced 
by electricity in pyroelectric crystals ; at least these pheno- 
mena are naturally explained by the hypothesis in question. 

I will not now dwell upon the difficulties which, in my 
opinion~ militate against the acceptance of this hypothesis~ but 
will simply explain how this view induced me to make the ex- 
periments here described, the results of which are certainly in 
themselves worthy of attention. The consideration from which 
I started was the following : - - I f  an electric polarization were 
constantly present in a pyroelectrlc crystal in definite diree- 
tions~ and if it is allowable to conclude from the recently dis- 
covered effects of statical electricity on the optical properties 
of singly-refracting media that not only the polarization pro- 
duced by external electric forces~ but also any natural polari- 
zation already existing, would exert an influence on the 
vibrations of "light transmitted through the crystal, then the 
optical properties of a pyroelectric crystal would be affected 
in different ways, according as the natural polarization was 
weakened or strengthened by the action of external electric 
forces. 

Taking a quartz crystal as example, the result of piezo- 
electric experiments with it may be described as follows, at 
least tbr normal crystals of simple formation : --A section of 
the crystal at right angles to the principal axis may be divided 
by three straight lines intersecting each other in any point 

* Translated from a separate impression from the Berlchte der Oberh. 
Ges. fiir. Natur- und Heilkiinde, communicated by. the Author. 

t Compt. -~end. xci. pp. 294~ 383 (1880); xcn. pp. 186, 350; xciii. 
p. 204 (1881). 

:~ Abhandl. tier kb'n. slicks. Gesellschaft. vol. xii. p. 459 (1881). 
§ Compt. Rend. xciii, p. 1137 (1881). 
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On tlte Cl~ange in the Double Re/ruction of Quartz. 133 

at angles of 60 °, into six fields, which possess the following 
properties : - -A pressure exerted upon the crystal in any 
direction through the point, or in any parallel direction, 
causes the crystal to become electrified at the two points of 
pressure, the one becoming positive, the other negative. I f  
we change from one direction of pressure to another lying 
in an adjacent field, the sign of the electricity at the points of 
pressure changes whenever the direction of pressure crosses 
the boundary between adjacent fields. 

Hence it follows that a pressure exerted in the direction of 
one of the three lines mentioned can produce no piezoelec- 
tricity ; on this account I propose to call these three direc- 
tions the axes of no piezoelectricity. In the three directions 
bisecting the angles between these axes, there must be a 
maximum of piezoelectricity produced ; these directions may 
therefore be called the axes of maximum piezoelectricity. 
They coincide more or less exactly with the so-called secondary 
axes, the lines joining the two opposite edges of the quartz 
crystal. I am not yet able to decide whether or not they 
coincide exacfly~ since ~he experiments which I have made 
to test the point are not sufficiently numerous; with some 
crystals, however~ it seems to be really the case. I f  this 
were so, the axes of no piezoelectricity would have the same 
direction as the intermediate axes of the quartz. 

Let us suppose that the three axes of maximum piezo- 
electricity give the three directions of the natural polariza- 
t ion:  if we consider the ends of each axis as positive or 
negative, corresponding to the natural distribution of elec- 
tricity in the interior, then these ends, if we follow them 
round in order, must be alternately positive and negative. 
The electricity produced by pressure is correspondingly posi- 
tive or negative; and this holds good, as already remarked, 
for the whole field in which any axis lies. 

I f  now a piece of quartz be so exposed to the inductive 
action of static electricity~ that at any place the lines of 
force run at right angles to the principal axis, and at the 
same time do not run in the direction of an axis of no piezo- 
electricity, these forces will produce an increase or decrease 
of the natural polarization at this plac% and with it, in accor- 
dance with the hypothesis stated at the outset~ we shall 
have an increase or a decrease of the natural double refraction 
of rays which traverse the crystal at right angles to the prin- 
cipal axis and to the lines of force. The occurrence of the 
one case or of the other will depend wholly upon which of the 
three pairs of opposite fields the direction of the lines of 
force lies in~ and in what direction they traverse it. There 
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134 Prof. W. C. RSntgen on tl~e Cfiange in tile Double  

would be no change of the natural double refraction to be 
observed under the conditions assumed, if the lines of force 
run in the direction of one of the three axes of no piezo- 
electricity. 

These conclusions~ that the double refraction of the quartz 
may be increased or diminished at pleasure by the action of 
statical electricity, and that under certain defined conditions 
the double refraction is incapable of any such change, have 
been found to be confirmed by experiment. 

The preliminary experiments were made with two rect- 
angular parallelepipeds of pure Brazilian quartz, in which 
optical experiment showed no deformation. The pieces of 
quartz, which were obtained from Messrs. Steeg and Renter, 
were 2'0 centim, long, and were made exactly of a uniform 
width and breadth of 1"2 centim. According to my instruc- 
tions, the longest axis of the parallelepipeds should have 
coincided with a secondary axis; but, owing to a misunder- 
standing on the part of the workman, little weight was 
attached to this condition. Subsequent inquiries, as well as 
determinations made by means of Leydolt 's* etched figures, 
showed that in both pieces this direction deviated but little 
from that of a secondary axis. I t  may further be remarked 
that it is sufficient for the investigations in hand that the 
direction of length should not coincide with an axis of no 
piezoelectricity: the piezoelectric experiments have shown 
that this was the case. Two of the lateral surfaces are 
exactly at right angles to the principal axis ; and the other 
two lateral surfaces are therefore strictly parallel to the prin- 
cipal axis and nearly parallel to a secondary axis. 

Each piece had a perforation in the direction of its 
length of about 0"2 centim, width~ starting from the centre 
of the end faces ; the coaxial perforations do not quite reach 
each other in the middle of the crystal, but leave a thickness 
of 0"2 centim.~ which forms the portion of the crystal whose 
electro-optical properties are to be investigated. 

Both crystals were examined ; but in each experiment only 
one crystal was placed in the electric field ; the other was used 
to compensate the natural double refraction of the first : for 
this purpose the pieces were cemented together with a little 
isinglass, so as to have their principal axes at right angles to 
each other. Light polarized in a plane making an angle of 
45 c with the principal axes traversed the crystal at right 

* J~e~cfite der ~riener Akademie, vol. xv. p. 59 (1855). 
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Refraction of Quartz produced by Elect,.w Forces. 135 

angles to the plane containing the principal axis and a 
secondary axis of one of the crystals~ and consequently at 
right angles to two lateral surfaces. 

When placed between crossed Nicols, the centre of the 
field of view (that is, the place between the perforations) was 
nearly uniformly dark (employing sodium-light, the intensity 
of which was quite sufficient for these experiments), not re- 
garding certain small irregularities, probably resulting from 
pressure dm'ing boring. Brass wires of about 0"15 centim. 
thickness, with well-rounded ends, were placed in the two 
perforations of the crystal under examination, which were so 
connected with the electrodes of a Holtz machine as to admit 
of rapid reversal of the connexions. The difference of po- 
tential between the two electrodes could be varied at pleasure 
and continuously, whilst the machine was rotated with uni- 
form velocity by means of a secondary connexion containing 
a variable air-resistance. This method, which I have em- 
ployed for some time, consists in connecting one electrode 
with an insulated sharp point, the other with an insulated 
metal plate. The point and plate are opposed to each other; 
and their distance apart can be altered at pleasure; the 
further they are apart the greater is the resistance of air for 
the dark discharg% and the greater therefore is the difference 
of potential. 

In order to avoid the undesirable passage of sparks between 
the wires within the crystal~ which is liable to occur when 
the difference of potential becomes too great, the crystal 
was placed in a small flask filled with sulphide of carbon, and 
in the later experiments with benzol; the polarized light 
entered one side at right angles where the flask was perfo- 
rated, and the opening closed by a piece of plate-glass, and 
passed out at the opposite sid% which was perforated in a 
similar manner. 

For the purpose of control I have also examined the pieces 
of quartz in air, and have observed in all essential points the 
same behavionr as when they were immersed in sulphide of 
carbon or in benzol. 

The direction of the secondary axis, the axis of length of 
the crystal examined for electro-optical effect, was placed 
vertical ; the direction of the lines of force in the middle of 
the crystal was therefore vertical ; and the principal plane of 
the Nicol consequently made angles of 45 ° with these lines 
of force (the arrangement previously designated" Position I." 
of the Nicol*). 

* Compare Ber. d. Ob. Ges. vol. xix. p. 1 (]880); Wied. Annal. 
vol. x. p. 77 (1880). 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 L

os
 A

ng
el

es
 (

U
C

L
A

)]
 a

t 2
2:

47
 2

2 
Ju

ne
 2

01
6 



136 Prof. W. C. RSntgen on the Change in the Double 

To distinguish the pieces of quartz fi'om each other they 
may be called " Crystal I." and " Crystal II ."  ; one end face 
of each is marked, and in what follows is called " the  marked 
end." 

The action which the electricity exerts upon the light 
passing through the crystal was compared with the action 
which was caused by the compression, in a vertical or hori- 
zontal direction, of a piece of glass inserted between the 
analyzer and crystal. If  we have noted, for example, as 
follows, 

" Below + ,  above-- ;  the same action as vertical com- 
pression," 

it is to be understood that charging the ends of the secondary 
axis below with positive and above with negative electricity 
produced the same optical change in the centre of the field 
of view as a compression of the plate of glass in a vertical 
direction. 

Experiment L Crystal I., marked end at the bottom. 
Below + ~ above --;  same action as vertical compression. 
Below --,  above + ; ,, horizontal ~, 

Experiment I I .  Crystal I., marked end at the top. 
Below + ,  above --;  same action as horizontal compression. 
Below --,  above + ; , vertical , 

Experiment I I [ .  Crystal I., marked end above. 

(a) The centre of the field of view was made somewhat 
darker by vertical compression of the glass plate, then, while 
the glass plate remained compressed, " Below + ,  above -- " 
caused an increase of brightness. This action could be com- 
pensated by stronger compression in a vertical direction. 

(b) By vertical compression of the glass plate the centre 
of the field of view was again rendered darker; "Below --,  
above + " again rendered the field of view brighter; but this 
brightening was not now compensated, but rather increased 
by stronger compression in the vertical direction. 

Experiment I V .  (after the crystals had been cemented 
together in the opposite way). Crystal II., marked end at 
the top. 

Below + ,  above -- ;  same action as horizontal compression. 
Below --~ above + ; , vertical , 

Experiment V.--In the above experiments the quartz was 
sin.rounded by sulphide of carbon ; in the following ones it 
was surrounded by air. 
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Refraction of Quartz produced by Electric Forces. 137 

Crystal I., marked end at the top. 
Below + ,  above -- ;  same effect as horizontal compression. 
Below --, above + ; ,, vertical ,, 

Experiment VI. Crystal II., marked end at the top. 
Below + ,  above --;  same effect as horizontal compression. 
Below --, above + ; , vertical ,, 
The experiments were repeated at very different times and 

under varied conditions : thus in the later experiments there 
was often only one crystal in the flask filled with benzol, the 
other, which served as compensator, being surrounded by air ; 
sometimes plates of mica or other pieces of quartz were chosen 
as compensator; but the same results described above were 
always obtained, and never any thing different. 

It is well known that a compressed glass plate behaves 
optically as a negative crystal the principal axis of which 
coincides with the direction of compression. Since quartz is 
a positive crystal, the results obtained above may be expressed 
by saying that the double refraction of the pieces of quartz 
examined increased when the marked end of the secondary 
axis was charged with positive electricity and the unmarked 
end with negative, and thut~ on the contrary, the double 
refraction diminishes when the marked end of the axis is 
negative and the unmarked end positive. 

It was now further examined how these ends behave in 
piezoelectric relationship. The experiment was made by 
covering the end faces of the crystal with tintbil and com- 
pressing it in a screw-press between plates of ebonite in the 
direction of its length: the one strip of tinfoil was connected 
with a delicate Fechner's goldleaf electroscope, capable of 
indicating the charge of' the insulated pole of a Daniell's 
element by a marked deflection, the other was connected with 
earth. 

The experiment frequently repeated gave unifbrmly the 
same result, that the marked end of the secondary axis of 
both pieces of quartz became negatively electrified upon in- 
crease of pressure, and positively electrified upon decrease of 
pressure ; the unmarked end became respectively positively 
or negatively electrified. 

We may therefore express the result of the electro-optical 
investigation thus : The double refraction of quartz increases 
if positive electricity is communicated to that end of a secon- 
dary axis which, upon increase of pressure acting in the 
direction of this secondary axis, becomes negatively electrified, 
and if at the same time negative electrify is communicated 

_Phil. Mag. S. 5. Vol. 15. No. 92. ti'eb. 1883. L 
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138 Prof. W. C. RSntgon on the Change in the .Double 

to the other end. The double refraction diminishes~ on the 
other hand~ when the distribution of the communicated elec- 
tricities is the opposite. 

I f  we adopt the view that a piezoelectric crystal is in a 
condition of electric polarization~ whose direction~ in the 
particular case of quartz~ seems to coincide with the direction 
of a secondary axis~ and that the observed piezoelectricity is 
a consequence of the change of polarization produced by 
pressur% then simple reasoning shows that the end which 
becomes negative upon increase of pressure is that to- 
wards which the negative side of the electrically polarized 
molecules is turned. But we found before that the double 
refraction increases when positive electricity is communicated 
to this end and negative electricity to the other ; the polari- 
zation must be strengthened by this electrification; and we 
consequently obtain the result~ that the double refraction of 
quartz increases or decreases according as the natural polari-, 
zation is increased or weakened by external electric forces. 

Itaving thus found the first of the consequences mentioned 
at the beginning confirmed by experiment~ I proceeded fur- 
ther to put the second to the experimental test. The experi- 
ments described had shown me that~ as far as intensity was 
concerned~ there was at any rate no great difference between 
the increase and the decrease of the double refraction pro- 
duced by equal electric forces ; thence I concluded that it must 
be possible to find a direction in the quartz possessing the 
property that electric forces acting in this direction would 
produce no perceptible change in the double refraction. 
From what has been said abov% this direction was to be 
sought for in an axis of no piezoelectricity--consequently in~ 
or at any rate in the neighbourhood of~ an intermediate axis 
of the crystal. I obtained therefore from Messrs. Steeg and 
Reuter a square plate of quartz of 1"5 centim, in the side and 
0"25 centim, thickness~ which was cut accurately parallel to a 
side fac% and consequently at right angles to an intermediate 
axis. The principal axis is parallel to a side of the square; a 
secondary axis is consequently parallel to one of the sides at 
right angles to the first named. The four narrow side faces 
are polished. 

First of all I examined whether the intermediate axis of 
this crystal was really an axis of no piezoelectricity. The 
result obtained was that even great changes of pressure in the 
direction of the internlediate axis gave rise to no perceptible 
quantities of electricity at the points of pressure~ and that 
this direction is consequently an axis of no piezoelectricity. 
It may be remarked that a pressure parallel to the principal 
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Refraction of Quartz produced by Electric Forcee. 139 

axis gave the same result~ that, on the contrary, a pressure 
parallel to the secondary axis produced considerable quantities 
of electricity. 

Next the plate was perforated in the centre of a square 
end face so that a nearly hemispherical depression was formed 
there (depth 0"1 centim-). A further examination for piezo- 
electricity gave the same result as before. 

The plate so prepared was placed upon the brass plate 
employed in my former electro-optic experiments between 
two thin strips of glass cemented to it~ and introduced into 
the little flask filled with benzol. The end of a well-rounded 
brass wire projected into the depression in the plate~ and 
formed the upper electrod% the plate being the lower elec- 
trode. The rays of light traversed the crystal parallel to the 
secondary axis~ and consequently at right angles to the prin- 
cipal axis and to a secondary axis. The Nieols were placed 
in position I. 

In order to compensate the natural double refraction~ I 
employed the same means as in the experiments with the 
quartz parallelepiped; a second square plate of quartz, which 
was cut at right angles to the principal axis and had nearly 
the same dimensions as the first~ was placed between the 
analyzer and glass flask~ upon a stand movable about three 
axes at right angles to each other~ and so placed that its 
principal axis was at right angles to that of the first plate. 
The double refraction could not be exactly compensated; but 
it was very easy to decide whether any such change of double 
refraction as took place with the first plate occurred here~ 
by observing one of the vertical dark b~nds which crossed 
t~he field of view when the compensating plate was turned a 
little about a vertical axis. Any change in the double refrac- 
tion would have been perceived by a displacement of the band 
to the right or to the left. 

The experiment was made by adjusting a band in the 
middle of the field of view, consequently exactly under the 
bulb-shaped depression, which was to see if any displace- 
ment occurred when the difference of potential between the 
electrodes was subjected to rapid change. I have never been 
able to observe any such displacement, however varied the con- 
ditions under which the experiment has been made. Hence 
it follows that a change in the double refraction is not produced 
in any perceptible degree by electric forces acting in the 
direction of the axis of no piezoelectricity% 

** It is obvious that I cannot assert that no trace of electro-optic effect 
could have been observed in the direction of an axis of no piezoelectricity 
ff much greater differences of potential than those in my experiments, 
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140 Prof. W. C. RSntgen on t£e Change in the Double 

The bands were next adjusted first to the left and then to 
the right of the depression, but remaining close to it;  in these 
positions also no effect of electrification upon the double re- 
fraction was observed ; neither the lower nor the upper end 
of the band altered its position. 

The observation that also the upper end of the band was 
not displaced is of importance; for since the lines of force 
which issue from the hemispherical depression run there 
horizontally, and coincide with the direction of the principal 
axis to the left and to the right of the upper electrode, it 
follows that also in the direction of the principal axis of the 
quartz no perceptible change can be produced in the double 
refraction by means of electric forces. 

The remark made already in a footnote of course holds 
here also. The piezoelectric investigation, as remarked~ had 
shown that change of pressure in the direction of the prin- 
cipal axis did not produce any electricity at the points of 
pressure. This result seemed worthy of direct proof. For this 
purpose the plate cut at right angles to the principal axis 
was provided with a central hemispherical depression just like 
the plate cut parallel to the axis, and introduced into the 
flask in the place of the latter; the plates were simply inter- 
changed. Having by this arrangement obtained an inter- 
ference-band under the depression (that is, at the point where 
the lines of force run parallel to the principal axis), I was 
unable to produce any displacement of the band by increasing 
or decreasing the difference of potential between the elec- 
trodes; consequently in this plate also the double refraction 
was not perceptibly altered by the action of electric forces in 
the direction of the principal axis. This plate also, upon 
pressure parallel to the principal axis, gave no piezoelectricity 
at the points of pressure. I f  the band were situated at one 
side of the depression, but very near to it, I observed a pheno- 
menon upon electrification which furnished a very welcome 
confirmation of the results obtained with the quartz parallele- 
piped. The lower end of the vertical band remained fixed; 
but the upper end inclined towards the right or towards the 
left ; and the direction of the motion changed with the sign 
of the electricity upon the electrodes. Further, I observed 
that, when the sign of the electricity remained the same, the 
upper end of a band moved in a different direction according 

and a more intense source of light had been employed. If such a change 
were to be observed~ it would certainly be much smaller than that which 
takes place in the direction of an axis of maximum piezoelectricity. The 
above experiments would therefore not lose their significance, 
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Refraction of Quartz produced by Electric Forces. 141 

as the band was situated to the right or to the left of the 
centre. Vertical or horizontal compression of the ntercalated 
glass plate produced a displacement of the whole band 
parallel to itself to the left or to the right. 

The explanation of these phenomena is easy to find if  we 
consider that as the experiments described show the direc- 
tion on the right, so on the left; that is~ the horizontal direc- 
tion at right angles to the rays of light in the crystal employed 
does not exactly coincide with an axis of no piezoelectricity. 
The phenomena are thus easily deduced from the first-described 
experiments :--The lines of force in the upper part of the plate 
run nearly horizontally in the neighbourhood of the depres- 
sion; some of them therefore coincide with directions in which 
the double refraction is capable of being altered: in the lower 
part of the plate, on the other hand, the lines of force are 
vertical; they consequently run in the direction of the princi- 
pal axis, and therefore produce no change of double refraction. 
Consequently it is only the upper end of the band which is 
displaced, and not the lower. The observation that the direc- 
tion of displacement changes when the electrification or the 
position of the band changes is in complete agreement with 
the observed fact that the increase of the double refraction 
of quartz is changed into a decrease i f  the direction of the 
lines of force is reversed. We have seen above that from the 
distribution of piezoelectricity we can predict with certainty, 
for a given direction of the lines of force, whether an increase 
or a decrease of the double refl-action will take place; and the 
question consequently arises whether with the new crystal the 
established rule will be found confirmed or not. 

The plate was examined for piezoelectricity. A pressure 
upon the square surface in the direction of the principal axis 
produced no distinctly perceptible quantity of electricity at 
the points of pressure. The four narrow side faces, however, 
behaved differently; they may be designated a, b, c, d in 
order. An increase of pressure in the direction parallel to b 
and d produced positive electricity at a, and negative electri- 
city at c; a decrease of pressure, electricities of opposite sign. 
An increase of pressure in the direction parallel to a and c 
gave negative electricity at b, positive electricity at d; a de- 
crease of pressure, the opposite. In both cases I obtained 
vigorous deflection of the electroscope*. The plate was again 

* Between the two direetions~ parallel ¢o b and d and parallel to a and 
G there must be a field which in piezoelectric relation would behave op- 
positely to the two fields to which these directions belong. In fact, an 
increase of pressure in the direction of the diagonal of the square which 
joins the corner a d with the corner b e, gave negative electricity at a d 
and positive electricity at b e; a decrease of pressure~ the opposite 
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149 Prof .  W .  C. R~Jntgen on the Change  in  the D o u b l e  

placed in the flask full of  benzol,  and the electro-optical  
exper iments  repeated. The optical  action of the electr ici ty 
was also compared  with the action of a glass plate compressed 
in a horizontal  or in a vert ical  direction. I n  what  follows such 
a note  as 

" Below + ,  above - -  ; upper  end of band lei$ ; horizontal  
c o m p r e s s i o n "  

is to be understood t h u s : - - W h e n  the lower electrode was 
posit ive and the upper  one negat ive,  the  upper  end of  the 
band ly ing  on the left  of the centre  inclined towards the side 
towards which the whole band was displaced b y  a compres-  
sion of the glass  plate in a horizontal  direction. 

E x p e r i m e n t  L T h e  rays of  l ight  t raversed the plate parallel 
to a and e; a on the left: c on the right.  

Below + ,  above - - ;  upper  end of  band left; vert ical  compres-  
[sion. 

, - - ,  , + ;  , , ,, horizontal  ,, 
,, + ,  . - - ;  ,, ,, r ight ;  hor izontal  . 
,, - - ,  . + ;  , , ,, vert ical  , 

E x p e r i m e n t  I I .  Rays  of  l ight  parallel to a and c; a r ight ,  
c left. 
Below + ,  above - - ;  upper  end of  band left; horizontal  com-  

[pression. 
,, - - ,  ,, + ;  ,, . . vert ical  ,, 
, + ,  ,, - -  ; . . r ight ;  vertical , 
,, --, . + ;  ,, ,, ,, horizontal  ,, 

E x p e r i m e n t  I I I .  Rays  of  l ight  parallel to b and d ; b r ight ,  
d left. 

Below + ~ above - -  ; upper  end of band left; vertical compres-  
[sion. 

. - - ,  . + ;  ,, ,, ,, horizontal  ,, 
,, + ,  ,, - - ;  ,, ,, r ight ;  horizontal  ,, 
,, --, . +; ,, . ,, vertical ,, 

E x p e r i m e n t  I V .  Rays  of  l ight  parallel to b and d; b left, 
d r ight.  

Below + ,  above - -  ; upper  end of  band left; horizontal  com- 
[pression. 

. - - ,  ,, + ;  ,, ,, ,, vertical ,, 
,, + ,  ,, - -  ; ,, ,, r ight ;  vertical ,, 
,, - - ,  ,, + ;  ,, ,, ,, horizontal  ,, 

I t  is easy to convince one 's  self that  these data are in all 
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Refraction of Quartz produced by Electric Forces. 143 

respects in complete accordance with the results obtained from 
the experiments previously described. 

It is necessary to mention that the phenomena described 
above may be explained by means of two known facts. One 
of these facts has been recently demonstrated by MM. J.  
and P. Curie ~, as fo]lows:--If eleetricities of opposite sign 
be communicated to the ends of a secondary axis of a quartz 
crystal, the crystal contracts or expands in the direction 
of this axis, according as the signs of the electricities com- 
municated to the ends of the axis are opposed to, or the same 
as the signs of the piezoelectricities produced at these ends 
by a pressure exerted in the direction of the axis. It seems 
to me very probable that this result, found in the first instance 
for the direction of a secondary axis, would be found to hold 
good also for every direction at right anglesto the principal axis, 
and that consequently the direction o£ the intermediate axis 
or the axis of no piezoelectricity possesses the properly that 
electrical forces acting in this direction produce no perceptible 
change in the form of the quartz. So far I have had no 
opportunity to test the accuracy of Curie's experiment, and to 
extend it in the direction indicated; but inasmuch as those 
experiments interest me very much because of the close rela- 
tionship in which they stand to my former experiments on the 
so-called electrical expansiont, I shall undertake this inves- 
tigation at the earliest possible opportunity. 

The second fact, admitting of easy confirmation~ is that a 
mechanical compression of quartz at right angles to the prin- 
cipal axis exerts the same qualitative effect upon the rays of 
light which traverse the crystal at right, angles to the prin- 
cipal axis and to the direction of compression as a compression 
exerted in the same direction upon an interposed plate of 
glass. 

We shall find without difficulty that the phenomena de 
scribed are even in detail completely in agreement with the 
properties of quartz just now described. 

I hope shortly to give an account of the remarkable pheno- 
mena which I have observed when the rays of light traverse 
the crystal parallel to the principal axis. 

Giessen, November 25~ 1882. 

* Compt. Rend. vol. xciii, p. 1137 (1881). 
t Bet. d. Oberh. Ges. vol. xx. p. 1 (1881). 
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