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First-order electrogyratory dfects can be expressed in tenno of a nonlinear gyratory susccptibijity Q
that is defined ~a~&ogously to the conventional nonlinear optical susceptibiTity. It is shown that y can
be represented as h (co)Q(cu)] g(0), where r(cu) and r(0) are linear susaytibilities, and where ho(co) is

expected to remain fairly constant for a wide variety of materials. This relationship is form y identical

to that co ~only used to estimate the conventional nonlinear optical susceptibility. The ratio between

h (eo) and the quantity h(co) that deacrihs amvcntional optical noalinearitics is approximately the ratio
of the natural gyration G to the refnctive power n' —l. Valuee of h (co) infened hem previously

reported measumnents of the nmgnitude of eleetrogyratory effects are from two to nearly five orders of
magnitude larger than the predicted value. It is shown that the observations in these instances can be

explained solely in terms of conventional elect~ptic (bi-~ar~gence) efFects and therefore have no

bearing on the magnitude of electrogyratory effects. A method is described that permits the direct
observation of electrogyratory effects in the presence of considerably larger electr~tie birelringence

effects. The method is applied to the measurement of electrogyration in bismuth geranium oxide

Bi»Ge020. Even though the sensitivity of the method is»~ited by indeter t»te amounts of stray
birefringence in the optical system, the upper limit obtained for the magnitude of the effect is

considerably smaller than the previously reported value.

I. INTRODUCTION

g)J =g]~ +y]~~E~+ poI, ) EI,Et+ ~ ~ ~(0) (2)

The point-group symmetries of the medium that
permit the tensor coefficients y&» and P&», to be
nonvanishing, and other aspects of these effects
have been discussed by Zheludhev and others. ~ s

The theoretical treatments 6 do not provide a
direct estimate of the magnitude of these effects;
an attempt is made here to do so. The estimate
obtained is found to be considerably smaller than
the magnitude implied by some experiments. These
experiments are examined critically, and it is
concluded that they may not in fact represent ob-
servations of electrogyratory effects. A deter-
mination by a new method is made of the magnitude
of the electrogyratory effect in bismuth germanium
oxide, Bii2Ge020 The effect is found to be sub-

For a given propagation direction of light the
refractive indices n of a medium exhibiting gyra-
tion (rotation of the plane of polarized light) are
the positive solutions to the equation'

(ns —n")(ns —n"s) =(gc~l, l~)s-=Gs,

where n' and n" are the refractive indices that
would obtain in the absence of gyration, l, and l&

are direction cosines of the propagation vector and
the quantities g,& are elements of the gyration ten-
sor of the medium. [The convention of summing
over repeated indices is observed in Eq. (1) and
elsewhere in this report. ] The quantities gcr may
be altered by subjecting the medium to a low-fre-
quency electric field having components E», etc. ,
as expressed by Eq. (2):

stantially smaller than what has previously been
reported.

II. ESTIMATION OF MAGNITUDE OF ELECTROGYRATORY
EFFECTS

The approach pursued to estimate the magnitude
of these effects is to consider the way optical gy-
ration arises in a medium, and the way this gyra-
tion is changed by subjecting the medium to an
electric field.

For isotropic and cubic media the nonvanishing
components of the gyration tensor are g«=g» =g»
=-G. ' For such median'=n", so in accord with
Eq. (1), G is equal in magnitude to one-half the
difference between the squares of the refractive
indices for left- and right-circularly-polarized
light. If the Lorentz. effective-field approximation
is assumed valid, then the gyration in this case can

expressedv'e as

16rvNn'(n~ —2) + tm(gm ~ m»)
gh s~ vie —v

where v is the optical frequency, N is the number
of structural units (assumed to be in the ground
state 0) per unit volume, p. and m~ are, respec-
tively, the matrix elements for the electric and
magnetic dipole moment operators between states
a and b of the structural unit, v~ is the energy dif-
ference, expressed in units of frequency, between
states a and b, and h is Planck's constant.

The specific values of the matrix elements in

Eq. (3) depend on the microscopic model that is
assumed. Several different models that give rise
to optical gyration have been investigated, both
quantum mechanically, as by Eq. (3), and clas-
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G Sv n'(n' +2) Na l /3Rd (4)

where n is the polarizability of each atom. The
electrogyrstory coefficient y can be written

dG BG Bd BG Bo.
y + + ~ ~ ~

dE Bd BE Ba BE

sically. Among these models are the disymmetric
one-electron oscillator, ' coupled anisotropic oscil-
lators, and the twisted anisotropic susceptor. '
The presence of magnetic moment matrix ele-
ments m, o in Eq. (3), even when the electric dipole
approximation is made for the interaction of radia-
tion with material media, can be considered to
arise from the relationship between curl E and B
implied by Maxwell's equations. Curl E is a mea-
sure of the spatial variation of the electric field.
The fundamental cause of optical gyration is, in
fact, the variation of the phase of the radiation field
over the dimensions of the structural units being
considered. For this reason the magnitudes of the
gyratory coefficients calculated for the various
models cited above are usually smaller than the
ref ractive power, n' —1, by a factor that ap-
proximates in magnitude the ratio of atomic or
molecular dimensions to the wavelength of light.
Observed values for visible wavelengths of G/(n'
—1) for a number of common gyratory solids' and
for the strongly gyratory material AgG~S4' range
between 1.0X10 and 6. 3X10 4, more or less in
agreement with the predicted magnitudes. The
extraordinarily large gyratory coefficients observed
in the cholesteric mesophases are due to the fact
that the pitch of the cholesteric helix is much
greater than ordinary atomic or molecular dimen-
sions. "

The parameters such as interatomic distances,
resonant frequencies, polarizabilities, etc. , that
characterize the various models that exhibit optical
gyration will, in general, be modified when the
models are subjected to a low-frequency electric
field. The extent to which these perturbations oc-
cur to first order in the applied field will govern
the magnitude of the electrogyratory tensor coef-
ficients y&». In estimating the magnitude of these
coefficients it is instructive to consider as an ex-
ample the coupled oscillator model investigated by
Chandrasekhar. ' The structural unit in this mod-
el consists of two atoms at coordinates (1, 0, 0) and

(0, l, d). The first atom is polarizable only along
the x direction, and the second only along the y di-
rection. Dipolar coupling exists between the atoms.
For light of free-space wavelength X propagating
along the z direction, and for d» t, the gyration
exhibited by this model is

where a, is a length whose order of magnitude is of
atomic dimensions. The magnitude of the second
term in Eq. (5), which contains the dependence of
the polarizability upon the applied field, can be
estimated from the same anharmonic-oscillator
model" used to treat conventional electro-optic
andnonlinear optical effects. With this model, the
second term is given by

BG Ba 2G n" +2
BE 0N 3

n +2 (n' —1) PvG
3 4mN eke

In Eq. (7), [3(n + 2)] ' is the effective field param-
eter, analogous to P, that obtains at optical fre-
quenci. es, X" is the appropriate nonlinear suscepti-
bility, and k and v are, respectively, the linear
(harmonic) and quadratic (anharmonic) force con-
stants of the oscillator. If it is assumed' that
the magnitude of v is such that the linear and non-
linear forces are equal for a displacement a, of
the order of atomic dimensions, then v can be re-
placed by k/az. From the relation

(n' —I)/(n''+2) =4S vN(y

and the substitution N =ao it follows that

BG Bo. G(n' —1) Pao
Bn BE meaz

(6)

(9)

Since ao, a, , a„and d are all lengths of the or-
der of atomic dimensions, it is apparent that con-
tributions to the electrogyratory coefficient of the
types represented by Eqs. (6) and (9) can be com-
parable to one another in magnitude. These con-
tributions may in fact be of opposite sign and par-
tially cancel one another; it is our present inten-
tion, however, to demonstrate how large the effect
can be.

It is possible to define a nonlinear gyratory
susceptibility X" that is related to y in a manner
analogous to the way the nonlinear susceptibility

(&u, u, 0) is related to the conventional electro-
optic effect:

(10)

The first term, —(4G/d)(Bd/BE), can be expressed
as —(4G/d) ep(kz' —k, '), where p is the factor relat-
ing the effective field to the macroscopic field E,
and k, and k~ are stiffness constants appropriate
to the two atoms. If k, and k, differ appreciably
from one another, then the first term can be ex-
pressed as

BG Bd 4GPg~~

Bd aZ ed

4G Bd 2G Bn+ ~ + ~ ~ ~

d BE cy BE (5)
If the approximation is made that y can be repre-
sented by just the contribution expressed in Eq.
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(9), it follows that

230P' 3

where X(&u) = (n —I)/4v, X(0)= (c —I)/4w, and c is
the low-f requency dielectric constant. The expres
sion in brackets in Eq. (11) is precisely the value
dictated by the anharmonic-oscillator model' of
the constant n(&o), first applied by Miller" to de-
scribe the electro-optic properties of a wide vari-
ety of materials.

The first-order electrogyratory effect is per-
mitted in certain point groups where the gyration
6 vanishes; indeed, the model discussed here
could have consisted of two pairs of anharmonic
osicllators with cancelling contributions to the gyra-
tion in the absence of an electric field, but with
reenforcing contributions to the electrogyratory
effect. Equation (11) should therefore not be con-
structed to imply that the electrogyratory effect
vanishes for crystals with zero or vanishingly
small values of the gyration. Values of the quanti-
ty G/(rP —1) for individual crystals should thus not
be used in the equation. Instead it seems more
appropriate to use an average value for G/(n —1),
whose magnitude is approximately constant for
many crystals If th. is is done, Eq. (11) can be
represented as

X,
"'= &,(~) X'(~) X(0) (12)

where bv((o) is smaller than Miller's 4(&o) by about
the same factor (the ratio of atomic dimensions to
the optical wavelength) that related natural gyra-
tion G to refractive power n~- 1. The value of
s,(+) is near 3X 10 ~ esu. '~ If a representative
value for G/(n' —1) of 0.8X10 is assumed, then
it follows from Eqs. (11) and (12) that d~(&g) should
be of the order of 5x10 ' esu.

III. COMPARISON NUTH PREVIOUSLY REPORTED
OBSERVATIONS

Experimental observation of the first-order elec-
trogyratory effect, corresponding to the tensor
coefficients p&», has been reported for quartz,
and for the isostructural compounds Bi,@e030 and
Bi~ISiO&0. ~ The reported value' for y«(con-
densed subscript notation) in quartz is (12.7+1.4)
x10 esu for &=461 nm. Since for quartz Kg=4
and n,'=1.5519, the corresponding value of b~(~)
is 2.9~10 esu. This is almost five orders of
magnitude larger than the theoretical estimate
made above f The electrogyratory coefficients for
Bi,@eOza and Bi,zSiO have not been reported ex-
plicitly. However, from the observed values for
the refractive index and gyration'9 (n = 2. 55, G
=28. 3x10-5 at X= 510 nm), the dielectric constant 3

(e = 38) and the statement~' that an applied field of
about 10 kV/cm changes the optical activity by

about 5%, it can be inferred that for these com-
pounds h~(ru) is approximately 6X10 esu. Al-
though this is much smaller than the value of
h~(&o) obtained for quartz, it is still more than two
orders of magnitude larger than the theoretical
estimate.

%e have attempted without success to find mech-
anisms different from those discussed above that
might account for such large observed values of
S~(~). It was decided therefore to examine more
closely the data on which the reported observations
of electrogyratory effects are based. The value
reported for p„ in quartz' is obtained by deter-
mining the field dependence of the gyratory coef-
ficient g». The gyratory coefficient was reported-
ly measured for light propagated parallel to the
x axis by the method of Konstantinova et a/. In
this method the light prior to transmission through
the crystal is plane-polarized parallel to one of the
vibration directions (in this case, the optic axis)
of the crystal. Passage through the crystal im-
parts to the light a slight degree of ellipticity. As
the wavelength of the incident light is varied, the
orientation of the major axis of this ellipse varies
symmetrically about the direction of polarization
of the incident light. The gyratory coefficient g»
is determined from the amplitude of this oscilla-
tion. When an electric field is applied (parallel
to the x axis) the electrogyratory effect should
change the amplitude of this oscillation. What is
actually reported, ' however, and construed to be
the manifestation of an electrogyratory effect, is
a shift or biasing of the entire oscillatory function
without change of amplitude.

Such a shift is known to arise from misorienta-
tion of the polarization direction of the incident
light with respect to the vibration directions of the
crystal. The vibration directions of quartz are,
in fact, changed by an electric field applied in the
reported direction, due to the conventional electro-
optic effects involving the coefficient r4, . The
calculated value of this shift, which arises from
a mechanism entirely independent of electrogyra-
tory effects, is in reasonable agreement with the
observed value.

Observation of a first-order field-induced shift
with two identical crossed quartz plates is also
reported. It can be shown that the only way such
a shift can arise when the field is applied to both
plates is for the fields to be of opposite sense in
the two plates. Once again, the data can reason-
ably be explained solely on the basis of conventional
electro-optic effects. It is concluded that the
reported observations on quartz do not really
establish the magnitude of the electrogyratory ef-
fects in this material. ~5

The results' ' on Bi,+eOza and Bi,&Si030 are
difficult to assess because neither the experimen-
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tal configuration nor the method employed for in-
terpretation of the data are described as explicitly
as might be desired. Phenomenological considera-
tions make it doubtful whether the electrogyratory
effect should, in fact, be observable under the con-
ditions reported. A possible explanation of these
results is that the effects of reflection at the inter-
faces of the crystal were not properly taken into
account.

The following considerations explain how the
neglect of reQections can give rise to an apparent
electrogyratory effect with magnitude comparable
to what is reported for Bi»GeO&0 and Bi»SiO.
The transmission of light through a medium ex-
hibiting gyration and birefringence can be expressed
in terms of the eigenfunctions

1
$~= ~ [i(1+q) ~ x+(I-q) ~ y], (13a)

1
tt, = —[-i(1 —q)'~'x+ (1+q)'~'y], (13b)

where x and j areunitvectors parallel, respective-
ly, to the characteristic directions of the refrac-
tive components n' and n" in Eq. (1). In Eqs. (13),
q = 5/6, where, 5 = 2s(n' —n")/& is the phase dif-
ference per unit length between the two eigenfunc-
tions that mould arise solely from the birefringence,
6= (bz+4p )'~ is the total phase difference per
unit length, p- wg/n X is the rotation per unit length
(rotatory power}, and n is the mean refractive in-
dex. If normally incident light of a given polariza-
tion state can be represented prior to passage
through the medium as A& g&, then when reflec-
tions at the interfaces are neglected, the polariza-
tion state after passage can be represented as
e,&A& g, (i, j =1, 2), where

s11 /p 0 12 21 0 szz 0'/I (14)

In Eqs. (14), p, =e '"'t and &f& =e zn, where z is
the thickness of the medium. When reflections
at the interfaces are taken into account, the po-
larization state after passage is a different linear
combination b,&A& g& of the eigenfunctions. It can
be inferred from the continuity s of the tangential
components of the electric and magnetic fields
across the interfaces that the matrix elements P &&

are given by

b» = 4P p (p N(nK rerL)—
+M[n(1 —q )L —q P (n+r)M])/D, (15a)

b~z ——4gpMq(l —q ) [nI, —P p rK+P (n+r)M]/D,
(15b)

bz, =4& yLq(I —q')'~z [p rn —p'nM —(n —r)L]/D,
(15c)

where

D= z[$ (p, KN+LM) -q p, (P KM+LN) ]. (16)

In Eqs. (15) and (16), z =e " ',r = Xb,/4s, K= 1
+n+r, L=-1+n+r, M=1-n+r, and N=1+n —r.

The intensity of polarize'd light transmitted
through a Bi»GeOgo crystal in combination with a
coupled birefringence compensator and analyzer
was calculated as a function of the compensator
setting, the azimuth setting of the analyzer, and
the de voltage applied to the crystal. The condi-
tions assumed were identical to those reported, ' '
and Eqs. (15) and (16), which take internal reflec-
tions into account, were employed. The calcula-
tions were made for a wavelength of 6660 g, at
which the coefficient nor&, describing the conven-
tional electro-optic effect has a value' of 1.6
x10 8 cm/statvolt, and the optical rotatory power
has a value ~ of 19 /mm. Of greatest importance
in these considerations is that Ne elec&'Ogyratory
effect mes assumed to be negligibly small It w. as
also assumed that that the incident light was suf-
ficiently incoherent and/or that the crystal sur-
faces were sufficiently nonplanar that averaging
could be performed over the variations in the in-
tensity due to interference ("Fabry-Perot modes").
[In the only treatment of internal reflections in
birefringent gyratory media published to the au-
thor's knowledge, this averaging is performed by
setting to zero all terms that vary rapidly with re-
spect to changes in the optical frequency. How-
ever, the correct average over & of, for example,
I/(&+ b cost@) is not I/a, but rather (az —bz} 'tz].
Values of the compensator setting and analyzer
azimuth setting that minimized the calculated in-
tensity were then found for each applied dc volt-
age.

Equations (14), which neglect the effect of inter-
nal reQections were then used to calculate from
the values of these settings the rotatory power p
and birefringence parameter 5 of the crystal. This
is the way these parameters are most commonly
inferred. As shown in Fig. 1 the values of p and
5 calculated in this manner differ appreciably from
the true values, which would have to be ealeulated
taking the effects of reQection into account. At
2-kV applied voltage, the apparent value of p is
about 2. 6% greater than the value with no voltage
applied. This apparent change in the rotatory
power is comparable in magnitude with what has
been observed' ~' at the same applied voltage and
ascribed to the electrogyratory effect.

IV. DIRECT OBSERVATION OF ELECTROGYRATION IN
PRESENCE OF OTHER ELECTRO-OPTIC EFFECTS

bzz=4$ p, Q& p K(nN qrM)-
+L[p n(1 —q )M —q (n —r)L])/D, (15d)

The method described below for measuring elec-
trogyratory effects in crystals having no natural
birefringence avoids the difficulties encountered by
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FIG. 1. Values of the birefringence parameter 6/2
and the rotatory power p as functions of applied voltage.
Dashed lines show true values; solid lines show values
calculated by neglecting the effects of reflection.

X(1-lz) cos(8 —pz —q) cos{8-pz+g)
2z(1 n )'

(19)

U= 4nz cos(8 —pz —g) sin(8 —Pz —q) +O(&g).

(20)
The coefficient T represents modulation of the
transmitted intensity that can be considered to
arise from the effects of electroreQectance. For
typical values of ~, n, and z this coefficient is of
the order of 10 ~ as large as U. In our experi-
ments this term accounted for less than 1$& of the
observed ac signal. If the coefficient T can be
neglected, then the ac-modulated component of the
transmitted intensity for this configuration repre-
sents a measure of the electrogyratory effect that
is essentially free of "cross talk" due to the con-
ventional electro-optic effect. The transmitted
intensity can be used to activate a photodetector.
It is convenient to measure simultaneously the dc
and ac components of the photodetector output and
plot one against the other for various angles g of
the output polarizer. Equations (18) and (20) imply
that this plot should be an ellipse having the posi-
tion and orientation shown by the dashed curve in
Fig. 2. The value of Sp/SE can, in principle, be
inferred from a knowledge of Eo, n, and the axial
ratio of the ellipse.

V. OBSERVATIONS ON BISMUTH GERMANIUM OXIDE,
Bi)2 Ge02P

other investigators in separating changes in the
birefringence from changes in the gyration. A
crystal is situated between two polarizers oriented,
respectively, to x by angles 8 and q. A low-fre««

quency ac electric field Eo cosset is applied to the
crystal. The transmitted intensity I can in general
be expressed as

I=ID S+Eocos(ot T —+II —+O(EO) . (17)
85 ep

The method described in Sec. IV was used to
estimate the magnitude of the electrogyratory effect
in bismuth germanium oxide, Bi»Geo~0, for the
same directions of optical propagation and applied
electric field that were used in the previously re-
ported measurements. ' ' A 0. 3-cm cube of
Bi,zGeOzo having high optical quality with faces
oriented perpendicular to the [110], [110j, and

600

The functions 8, T, and U shall be specified below.
In Eq. (17), 85/8E is the coefficient that represents
the magnitude of the conventional electro-optic ef-
fect for the propagation direction, field direction,
and optical wavelength appropriate to the observa««

tion, 8p/8E is the analogous coefficient for the
electrogyratory effect, and O(Ezo) represents terms
of second or higher order in E&. If it is assumed
that averaging can be performed as before over
the variations in intensity due to interference then
is follows from Eqs. (15) and (16) (which take
reflections into account) that the functions S, T,
and U are given by
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(18) FIG. 2. Predicted (dashed) and observed (solid) plots
of V~ vs Vd, for bismuth germanium oxide, Bii26e02{).
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[001] crystallographic directions was used. Mono-
chromatized light with &= 600 nm and a spectral
width of approximately 10 nm was propagated along
[110], The quality of the crystal and of the rest
of the optical system was such that no birefringence
due to strain could be detected visually. When the
polarizers were set for minimum transmission the
600-nm light was effectively extinguished, and only
green light, due to leakage through the monochro-
mator, could be seen. (Because the optical rota-
tory power varies appreciably with wavelength,
the polarizer setting that extinguishes light at 600
nm does not extinguish light at shorter wavelengths. )
The crystal surfaces perpendicular to [110]were
electroded with a liquid gallium-indium alloy. For
most of the measurements 250 Vrms at 1000 Hz

was applied to the electrodes. Other details of the
experimental apparatus are described elsewhere. ~

Values of the ac photodetector output V„and the
dc output V~, were measured for twenty different
orientations of the output polarizer. If was found

that within the limits of experimental error, V~
was proportional to the first power of the voltage
applied to the crystal. (The method employed
here discriminates intrinsically against even-
order electro-optic effects; odd-order effects of
order higher than first are apparently negligibly
small. ) The principal errors are in the measure-
ment of V„and are governed mainly by the intensi-
ty of the transmitted light and the noise bandwidth
of the ac detector. The solid ellipse shown on Fig.
2 was obtained by least-square analysis of the ob-
served data. The error flag indicates approxi-
mately the standard deviation for each measure-
ments of V~. (The signals that are observed
represent small optical effects. If the optical sys-
tem had been arranged to detect the conventional
electro-optic effect, the indicated error would
correspond to an uncertainty in retardation of less
than 3 x 10 ~ &.)

The observed plot differs from the predicted plot
in three respects: The minimum value of V~, is
greater than zero, the ellipse is not centered about
the V„=0 axis, and the axes of the ellipse are
tilted with respect to the coordinate axes. These
differences can be interpreted as follows. The
failure of V~, to assume a minimum value close to
zero is due to the presence in the system of stray
light of appreciable intensity. No special pre-
cautions were taken to exclude ambient light from
the optical system. A major source of stray light
appears to be the previously mentioned leakage
through the monochromator. Failure of the ellipse
to be centered about the V„=0 axis implies that
even when averaging is performed over all orienta-
tions of the output polarizer there is a net ac modu-
lation. This can arise only if there is modulation
of the intensity of the light transmitted through the

crystal, in addition to modulation of the polariza-
tion state. The effect associated with the coeffi-
cient T in Eq. (17) leads to such intensity modula-
tion and to a tilting of the ellipse axes, but the
magnitude of the effect seems to be too small to
explain the observations. The first-order electro-
absorption effect that can occur in noncentrosym-
metric crystal can be shown to give rise to an in-
tensity modulation of the proper magnitu. e.. The
principal contribution arises from stray light at
wavelengths near the fundamental absorption edge
of the crystal. Because the amplitude of this modu-
lated component changes as the output polarizer
is rotated, a tipping of the ellipse axes will result.
Electroabsorption effects can also contribute to
the width of the ellipse along the V„axis.

If it is assumed that the width along the V axis
of the observed ellipse is due to the electrogyratory
effect, then the value of the effect calculated from
Eqs. (17), (18), and (30) is sp/BE=4. 1x10 ' rad/
statvolt. The previously reported observations'
correspond to a value for s p/BE of about 8.3 x10-~
rad/statvolt. Although these results indicate
strongly that the effect is a good deal smaller than
previously reported, they cannot be construed to
represent an accurate determination of the magni-
tude of the effect. Stray birefringence in the crys-
tal or the optical system could not be perceived
visually, but its effects at the low level of signals
encountered in these measurements cannot be
ignored. Stray birefringence can cause the con-
ventional electro-optic effect to generate a signal
that is indistinguishable from what would arise via
the electrogyratory effect. It can be shown that
even if the electrogyratory effect were absent a
suitably oriented stray birefringence correspond-
ing to a retardation of less than 0.001 X (about an
order of magnitude smaller than what can be per-
ceived visually) could account for the width along
the V„axis and the inclination of the observed
ellipse. In the unlikely circumstance that the ef-
fects due tl electrogyration and stray birefringence
were opposite in sign and almost exactly equal in
magnitude the coefficient 8p/BE could be as much
as an order of magnitude larger than the value
stated above. Even this is about 15 times smaller
than the value previously reported. It is believed
that the effects of reflection, as discussed in this
report, are probably responsible for the main
part of the latter value.

VI. CONCLUSIONS

Electrogyratory effects are estimated for visible
wavelengths to be about four orders of magnitude
smaller than conventional electro-optic (bire-
fringence) effects. Thus in attempting to mea-
sure electrogyratory effects, the investigator is
often beset with the problem of separating a weak
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effect from a similar, but much stronger effect.
The optical behavior of media that simultaneously
exhibit gyration and birefringence is perhaps more
complicated than is sometimes appreciated, and
a srnaL& error in the way the separation is made
can lead to an overwhelming error in the estimated
magnitude of the electrogyratory effect.

For optical propagation directions along which
natural birefringence is absent, an ac measure-
ment technique can permit direct observation of
electrogyration with a considerable degree of iso-
lation from interference due to electro-optic bire-
fringence effects. The degree of isolation, and

hence the sensitivity of the method, is limited by
small, indeterminate amounts of stray birefringence
in the system. It is suspected that stray birefrin-
gence will similarly hamper the sensitivity of other
methods of measurement when electro-optic bire-
fringence effects are present. In order to achieve
enough sensititivy to permit the accurate deter-
mination of electrogyratory coefficients it will
probably be necessary to follow the suggestion
that measurements be made for those directions
of optical propagation and applied electric field
for which electrogyratory effects exist, but elec-
tro-optic birefringence effects vanish.

' J. F. Nye, Physical Properties of Crystals (Clarendon, Oxford,
England, 1957), Chap. 14, p. 260.

'I. S. Zheludhev, Kristallografiya 9, 501 (1964) [Sov.
Phys. rystallogr. 9, 418 (1965)].

'O. G. Vlokh and T. D. Krushel'nitskaya, KristallogriILfiya

15, 587 (1970) [Sov. Phys. &rystallogr. 15, 504 (1970)).
4H. F. Hameka, Chem. Phys. Lett. 7, 157 (1970).
A. D. Bucking%&~, C. ~ham and R. E. Raab, Chem. Phys.
Lett. 8, 622 (1971).

'E. Anast~bg Appl. Phys. Lett. 21, 212 (1972).
'L. Roscefeld, Z. Phys. 52, 161 (1928).
'E. U. Condon, W. Altar, and H. Eyring, J. Cliein. Phys.

S, 753 (1937).
'W. Kuhn, Trans. Faraday Soc. 24, 293 (1930).

R C Jones, J. Opt. Soc. Am. 31, SOO (1941).
"R. C. Weast, Editor, Handbook of Chemistry and Physics,

53rd ed. (Chemical Rubber Co., Cleveland, 1972), p. E-232.
' M. V. Hobden, Nature (Load.) 216, 678 (1967).
' Hl. de Vries, Acta Crystallogr. 4, 219 (195l).
' S. Chandrase&~mr, Am. J. Phys. 24, 503 (1956).
"S. K. Kurtz and F. N. H. Robinson, Appl. Phys. Lett.

10, 62 (1967).
"R. C. Miller, Appl. Phys. Lett. S, 17 (1964).
"F. N. H. Robinson, Bell Syst. Tech. J. 46, 913 (1967).

O. G. Vlokh, Zh. Eksp. Teor. Fiz. Pis'ma Red. 13, l 1 8 (1971)
[JETP Lett. 13, 81 (1971)].

' P. V. Lenzo, E. G. Spencer, and A. A. &&&~+&, Appl. Opt.
S, 1688 (1966).' P. V. Lenzo, E. G. Spencer, and A. A. M&~ Phya Rev.
Lett. 19, 641 (1967).

"G. F. Moore, P. V. I~nzo, E. G. Spencer, and A. A.
W&&m~n, J. Appl. Phys. 40, 2361 (1969).

"Two related effects, Faraday rotation induced by an electric
field via the m~etoelectric effect P'. H. O'Dell and E A.
White, PhiloL Mag. 22, 649 (1970)] and optical gyration
proportional to the first power of the polarization in

ferroelectrics [H. Iw~~~&', K. Sugii, N. Niig~», and H.
Toyoda, Ferroelectrics 3, 1S7 {1972)]have also been reported.
Their maydtudes seem to be in reasonable agreement with
what might be expected theoretically.
M Onoe, A W Warner and A A B&&~~ IREE Trans
Sonics Ultrason. SU-14, 165 (1967).
A. F. Konstantinova, N. R. Ivanov, and B. N.
Grechushnikov, Kristallografiya 14, 2S3 (1969) [Sov. Phys. +rys-
tallogr. 14, 222 (1969)).

"The same report that purports to obtain a value for y„ for
quartz also describes the oblervation in this material of what
is supposedly the secondmder electrogyratory effect due to
the coefficient P„. The effect is a change in the optical
rotation, q~~~mtic in the applied trIILsverse electric field,
observed along the optic axis of the crystal. Again the effect
is about five overs of magnitude greater than what might be
expected from reasoning el~i&ar to that described here. It is
likely that what is actually being observed is the well-known
diminution in net rotation that occurs as birefringence is
induced in a gyratory medium. The induced birefringence,
which arises in quartz via the electr~ptic coefficient r», is
first order in the applied field, but the change in rotation is
second order. This is because a birefringence of either sign
causes the eme di~i~ution of rotation. Once e~e~w the
magnitude of the effect calculated from the known value of
r „ is in good agreement with the reported observations.

~M. Born and E. adolf, Principles of Optics, 2nd ed. , (Macmillan,
New York, 1964), p. 6.

~ A. Feldman, W. S. Brower, Jr., and D. Horowitz, Appl.
Phys. Lett. 15, 201 (1970).

~~Obtained from Union GLrbide Corp. , Materials Systems
Division, Crystal Products Dept. , Union, N. J.
A. Mtjier, A. G. Karipides, and T. M. Peltz, Appl. Opt.
10, 192S (1971).
G. H. Heilmeier, Appl. Opt. 3, 1281 (1964).


