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Abstract

A method is developed for measuring electrogyration
and piezogyration effects in polar crystals. The
influence of linear electro-optic and piezo-optic effects
is discussed in detail. By the use of different directions
of measurement, the tensorial behaviour of the induced
gyration is proved unequivocally. The magnitudes of
the electrogyration and piezogyration coefficients are
107 m V-! and 107'5 m? N-! respectively. The
relations between constants measured under different
thermodynamic conditions are considered. An analysis
of results on the basis of a coupled oscillator model
reveals a strong sensitivity of induced gyration to
changes in the arrangement of the oscillators.

I. Introduction

Optical activity arises from variations of the radiation
field within the structural unit of the material. Hence
the magnitude of the gyration coefficient g is usually
smaller than the refractive power n2 — 1 by a factor
a/A, where a is a length of molecular dimension and 4
the wavelength of light (Born, 1972). Miller (1973) has
demonstrated that the changes in birefringence and
optical activity induced by electric fields should be
related by the same factor. He estimated a value of 4g
= 6-6 x 107! m V-1 Measurements on more than
thirty alums (Weber & Haussiihl, 1976) and nitrates of
alkaline earths (Weber & Haussiihl, 1977) of point
group m3 exhibit a surprisingly wide variation of A4g,
about three orders of magnitude, but the average value
agrees with the predicted one. As all published experi-
mental results on polar crystals are several orders of
magnitude higher, Miller (1973) suggested that they are
influenced by the dominant linear electro-optic effect.
Here we investigate these influences in detail to obtain
reliable experimental results in order to decide whether
in polar and centrosymmetric crystals different contri-
butions to the electrogyration effect exist, or if the
previous results are due to experimental errors.

Only a few papers on the changes of optical activity
caused by mechanical stress have been published.
Meyers & Vedam (1965) have investigated the
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influence of hydrostatic pressure on the optical rotation
in a-quartz, sodium chlorate, benzil, and ethylene-
diamine sulphate. Their results reveal that the mag-
nitude of the piezogyration coefficients is indeed smaller
than the piezo-optic effect by a factor a/A. Using
uniaxial stresses instead of hydrostatic pressure, it is
possible to obtain all components of the piezogyration
tensor. However, their determination is disturbed by the
piezo-optic effect similarly to the way the electro-
gyration measurements are disturbed by the linear
electro-optic effect.

The problem in measuring electrogyration and piezo-
gyration is to recognize that part of an induced rotation
which originates in the induced birefringence. This must
be separated from the intrinsic gyration effect, which
may be achieved using the following method.

The samples under investigation are mounted be-
tween two polarizers. An expression is developed for the
change in the intensity of light traversing this optical
system as a function of the changes in azimuth # and
ellipticity # which occur in the light wave between
crystal and analyser. Appropriate formulas relating
these quantities to the induced birefringence and optical
activity are obtained by an expansion of # and fin a
power series with the variables p (rotatory power) and &
(linear birefringence). Although NaClO, has cubic
symmetry, an initial birefringence has to be taken into
account because the samples used show small strain-
induced double refractions. If sufficiently small electric
fields and mechanical stresses are employed, only first-
order terms of the power series are needed. It will be
shown that the intrinsic gyration effect can be
separated from the influence of the induced bire-
fringence by varying the azimuth of the incident linear
wave. A further check is obtained by applying a d.c.
biasing voltage in appropriate directions, allowing a
variation of the initial birefringence to be made by
means of the linear electro-optic effect. As a final proof
of the correct interpretation of the recorded intensity
changes, different directions of the light beam, the
electric field, and the mechanical stress are employed
and the tensorial anisotropy is examined. The last test is
possible only in cubic crystals, since optical activity is
only easily observable in directions without linear bire-
fringence. We therefore chose NaClO, with point
symmetry 23 as a suitable crystal for our investigation.
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II. Theoretical considerations

Two practicable methods are known for describing the
influence of an optically active and birefringent crystal
on a light wave. Jones (1948) has developed a matrix
method and Pancharatnam (1957) has used geometric
calculations by means of the Poincaré sphere. Both
theories, as well as electro-optic and piezo-optic effects,
are described in the survey on crystal optics by Rama-
chandran & Ramaseshan (1961). The basic equations
are summarized below.

(a) Optical activity and birefringence

An optically active crystal with cubic symmetry
rotates a linearly polarized wave through the angle

p = (nl/in)g. (N

Here [ is the length of the specimen and n the index of
refraction. The scalar parameter of gyration is defined
by

g= G.s=g,-jSiSj,

where G is the gyration vector with components G; =
8,5 s; are components of the unit vector of wave
propagation and g;; is an axial tensor of second rank.

The birefringence of an otpically anisotropic medium
is described by

o=Qn/A)(n —n")l, (2)

where n' and n' are the refractive indices for the two
linear modes of the crystal.

If both properties are present two elliptically
polarized waves propagate through the crystal. The
axial ratio of the ellipses is +tan a with

tan 2a = 6/2p, (3a)
and their relative path difference is given by
w = (6% + 4p?)"2, (3d)

In passing through an optically active and birefringent
crystal a linear wave becomes elliptically polarized. By
means of the Poincaré sphere, Sliker (1964) has
developed appropriate formulas which describe the
ellipticity 8 and the azimuth 7 of the emergent wave in
terms of a, w, and the original vibration direction #,:

sin 26 = sin 2a[cos 21, cos 2a(l — cos w)

+ sin 27, sin w],

tan 27 = tan 27, cos @ + cos 2asin @
x (sin? 2a + cos? 2a cos w — tan 29, cos 2a sin w)~!.
@

The angles 7, and # are referred to a principal vibration
direction within the crystal. In principle, the deter-
mination of the electrogyration effect is possible by
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measuring the 8 and 7 of a sample in a strong static
electric field. This method has recently been employed
by Schamburov & Romanova (1976) with a-quartz.
Nevertheless, in the light of theoretical considerations
(Miller, 1973) their results seem to be too high to
represent the intrinsic electrogyration effect accurately.
We believe that it is difficult to achieve a sufficiently
high quality and fineness of adjustment of the optical
components to ensure reliable results in static experi-
ments. These sources of trouble are avoided to a great
extent by the dynamic method employed in this work.

(b) Induced changes

For an application of the above equations in
dynamic experiments measurable changes of 8 and 7
are needed as functions of the external electric fields
and mechanical stresses. Under the prevailing experi-
mental conditions the calculations can be shortened by
the reasonable assumptions that the induced bire-
fringence exceeds the induced gyration (4d > 4p) and
2p > 0. The latter holds for a light propagation nearly
parallel to an optical axis and in an isotropic medium.
In cubic crystals ¢ arises from internal strains. The
validity of both approximations will be demonstrated
by experimental data. Assuming only small changes we
obtain from (3):

da=(1/4p) 48 and dw=(6/2p) 46 + 24p. (5)
Expanding (4) in terms of the variables a and w and
inserting (5) we obtain

AB = (sin p/2p) sin (21, + p) 40, (6)
and
. . 5
An= i [1 _sn 20 _ P sin (4n, 2p)] 040 + Ap.
4p 2p p

(M

Thus the change 46 of the light wave emergent from the
crystal is only a function of the induced birefringence
46, whereas the variation 4n is due to the induced
gyration 4p as well as to a birefringent term d49. From
(7) it is obvious that a direct determination of Ap is
possible by the measurement of 47, when the initial
birefringence & of the sample is zero. But as 4 is
expected to be about 103 times greater than A4p, even
very small values of & are able to disturb the measure-
ments to a considerable extent and it is not possible to
neglect the term 044 in real crystals with cubic
symmetry. In the next section we demonstrate that, in
the experimental set-up used, a further quantity must
also be considered, namely

2640 = (sin? p/4p?) [1 — cos (47, + 2p)] 646.  (8)
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Now we must relate the variables 49 and 4dp in (6)—(8)
to the electric-field components E, and the mechanical-
stress components a;,. Differentiating (1) and (2) gives

Ap = (n/A)[Ag/n — (g/n®) 4An + (g/n) A1,  (9)
and
A0 = (2n/A)[An’ — 4An" + (n' — n") AI/11 L. (10)

The induced changes 4n and 4i/I, where 4i/I describes
the deformation ¢,;, are defined by (Nye, 1957).

aan

where da,, = —(2/n®) 4n;, when reference is made to the
principal axes coordinate system of the crystal and

da;;=ru Ey + i O,

&= dy; Ex + Sijq O (12)
In the same manner we define
481 =Si Ex + Wija Oy (13)

The quantities entering (11)-(13) are components of
the following tensors:

linear electro-optic
piezo-optic

inverse piezoelectric
elastic compliance
electrogyration
piezogyration.

Lo

ijrit

Ay

S kit

Skt

Wik

In order to avoid long unwieldy formulas we omit an

explicit substitution of (9)-(13) into (6)—(8). The

numbers of independent components in (11)-(13) are

equal for tensors of the same rank. Using matrix

notation (Nye, 1957) the nonvanishing electrogyration

and piezogyration coefficients in point symmetry group

23 are s, =55, =5 and W, = Wy, = Wy3, Wy, = Wy =
Wags Wi3 = Wy = Wiy, Wy, = Wi = Weq TeSpectively.

(¢) Thermodynamic relations

In most common electro-optic experiments the crystals
under investigation are mechanically free so that the
stress is zero. An electric field of low frequency then
causes a strain by the inverse piezoelectric effect. This
in turn changes the gyration tensor by an effect which
may be called elastogyration. In full notation we write

dyn) Ege (14)

Six describes the so-called primary and w;,, d;,, the
secondary effect. The elastogyration coefficients wy),,

are obtained by the relation

—_ t 3
4= (S5 + Wiimn

=wk¥ &

481;= Wij O1i = Wijp Citmn Emn ijmn

mn?

where c,,,,, are the stiffness constants.

In piezogyration measurements a distinction can be
made between electrically free (E constant) and
electrically clamped (polarization P = constant) con-
ditions. In practice, the electric field is kept constant.
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The stress then produces the polarization P by the
direct piezoelectric effect which in turn changes g;;:

Ag;;= Wi + Stim Qi) Ou- (15)

Again, wfy, can be called the primary and s}, d,,,, the
secondary effect. s}, is defined by

— o P o ok _
Agiy= st Py =St Ko X E1 = s1ju E-

Here x, is the permittivity of a vacuum and y,, the
dielectric susceptibility tensor. In (11)-(15) the sum-
mation convention applies (Nye, 1957).

For a complete thermodynamic consideration ther-
mal effects must also be taken into account. In dynamic
measurements, such as those carried out in this work,
electric fields and mechanical stress produce changes
AT in the crystal temperature by the electrocaloric and
piezocaloric effects respectively. AT in turn changes the
gyration tensor. We have developed the relation
between adiabatic and isothermal constants by stan-
dard thermodynamic methods (Nye, 1957). The results
are

Stk — St = (98,;/0T) p(T/C), 6
Wi — Wisjkz = (agij/aT) a,,(T/C).

The superscripts denote experimental conditions of
constant temperature T and constant entropy S respec-
tively. dg;;/0T describes the temperature dependence of
the gyration tensor, C the specific heat of the crystal, p,
the pyroelectric constant, and a, the thermal
expansion.

II1. Measurements

(@) Experimental procedure

The measurements are performed by a dynamic
lock-in technique with apparatus partly described
earlier (Weber & Haussiihl, 1974). Additional infor-
mation about the experimental set-up is given in Fig. 1.
Oscillating electric fields at ca 500 Hz and uniaxial

Fig. 1. Schematic diagram of the experimental arrangement. LM
light source with monochromator; P polarizer; x crystal; K
Babinet compensator, only used for measurements of induced
birefringence; A4 analyser; PM photomultiplier; SG sine-wave
generator; LI lock-in. (@) For electrogyration measurements: HV
a.c. and d.c. high-voltage supply. (b) For piezogyration measure-
ments: CA current amplifier; C coil with pin; M magnet; PZ
piezoelectric cell; CI charge amplifier and indicator.
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pressure oscillations at ca 100 Hz are applied to
rectangular samples of 1-3 x 107% m? volume. The
pressure is produced by passing a current at 100 Hz
through a coil in a magnetic field. The coil is supported
by a pin which rests on the crystal and transmits the
pressure, measured in turn by a piezoelectric cell. Some
difficulties occur with the distribution of the stress
within the sample. However, it is possible to check its
homogeneity by examining the piezo-optical response
at different points of the specimen. Troubles of this kind
do not arise in the application of electric fields. In
appropriate directions of measurement a static biasing
field is applied additionally to the dynamic field and to
the pressure.

The induced ellipticity 48 of the emergent light is
measured in the usual way by mounting a 4/4 plate and
an analyser behind the sample. When the elliptically
polarized light emergent from the sample passes
directly through the analyser, the observed intensity is
(Ramachandran & Ramaseshan, 1961)

I=1Iy(1 — cos 26 cos 2¢)/2.

I, denotes the incident light intensity and ¢ is a measure
of the angle between the principal directions of the light
ellipse and the analyser. Assuming only small values for
6 we deduce

Al = I(sin 29 Ap + 26 cos 2¢ A6),

where 4¢ is equal to 47 in (7). The changes of the light
intensity, 41, are compared with those produced by a
Faraday cell mounted between crystal and analyser.
Typical examples of AI signals versus angle ¢ are
shown in Fig. 2(a). Values of 4¢ and 26468 derived
from these curves depend linearly on the biasing field

(Fig. 2b). This dependence is not observed in those
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Fig. 2. Measurable quantities in electrogyration experiments
(EN[001]; ki[110]). (@) Intensity changes versus analyser
position ¢. Biasing voltage in kV: @ —3.0,0 —1.5, A0-0, 0 1.5,
M 3.0. (b) 4o (full circles) and 26 46 (open circles) versus biasing
voltage U.
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directions where the linear electro-optic effect is zero.
Thus we conclude that the biasing field influences 4n
and 2646 measurements by a change of the initial bire-
fringence d contained in (7) and (8).

(b) Experimental examination of theoretical formulas

Equations (7) and (9) reveal that the linear electro-
optic or the piezo-optic effect influences the deter-
mination of the electrogyration or the piezogyration
tensor in a rather complex way. In practice most
troubles occur from the 445 term in (7) and special
experimental care must be taken to separate these
disturbances from the intrinsic induced gyration Ap.
Recently Rogers (1977) has reported a method for a
dynamic measurement of electrogyration effects in a-
quartz on the basis of Jones’s matrices. However, he
has neglected any influence of the linear electro-optic
effect and therefore his experiments result in unreason-
ably high values for the electrogyration coefficients.
This example once more stresses the necessity for a
detailed experimental test of formulas describing
induced gyration measurements.

As a first step we checked the dynamic method by
measuring the linear electro-optic and piezo-optic
effects. The induced ellipticity 46 was determined as a
function of the rotatory power p for three different
positions of the polarizer: (1) perpendicular to E (1, =
0); (2) diagonal to E (7, = 45°), the appropriate
position for measuring the induced birefringence in
crystals without optical activity; and (3) observation of
the condition 1, = 45° — p/2, for which maximal 46
values are produced.

2] \:\-\- .

46 10 degv”’

Moo’

0

—rr v v v 71

50 100
oldeg)

Fig. 3. Induced ellipticity 46(E) versus rotatory power p at
different polarizer positions 7,: ¢ 0°, A 45°, W 45° —p/2
(experimental values); : calculated according to equation
(5) with an averaged value 40.
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The variation of p was achieved by using specimens
of different length and varying the wavelength in such a
small range that a constant electro-optic coefficient
could be assumed. Fig. 3 demonstrates that the experi-
mental values fit equation (6) very well. Thus it is
possible to determine linear electro-optic and piezo-
optic constants on the basis of this simple relation. The
results are shown in Fig. 4 and are compared with
previous measurements which had been made using
static methods.

For studying the influence of the birefringence on
induced gyration measurements in detail, 45 as well as

-4
A A4
A""A,:" I'“
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o—o_,_ % N2
-2 < <]>-
-0 g}
-~ \ q
] %3
0

400 500 600
Alnm)
Fig. 4. Linear electro-optic (r,,) and piezo-optic (g,,) constants

versus wavelength. Units: r,,, 1077 m V- ¢, 1072 m? N-L +
Pockels (1894), @ Ramachandran & Chandrasekharan (1951).
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26A0is determined as functions of the polarizer position
and of the biasing field. This is illustrated in Fig. 5(a)
and (b) by typical results from electrogyration experi-
ments. The validity of the approximations involved in
(7) and (8) is examined by the following tests: (1) Ay
and 2040 measurements must yield the same 40
values; (2) 846 depends linearly on the biasing field;
and (3) dp is independent of the biasing field.

With the values of Fig. 5(a) and (b) this test is
performed in Fig. 5(c). The above-mentioned con-
ditions are fulfilled within the limits of experimental
accuracy.

We emphasize that the intrinsic electrogyration effect
Ap contributes only slightly to the total change 4#.
Therefore, a relatively large error adheres to dp (Fig.
5¢), and it is necessary to repeat the measurement
several times.

The results demonstrate that our formulas (7) and
(8) describe the experimental observations fairly well.
They are therefore a suitable basis for a successful
determination of electrogyration and piezogyration
coefficients.

(¢) Determination of signs

To ensure the correct signs and designations of the
tensor components, the enantiomorphic form of
NaClO, used as well as the orientation of the crystallo-
graphic axes must be considered. The enantiomorphic
form can be recognized by the sign of the optical
activity. In sodium chlorate dextrorotation is correlated
with the absolute configuration A (Ramachandran &
Chandrasekaran, 1957), which is characterized by an
anticlockwise arrangement of the ClO3 planes
(Wooster, 1953). Such a crystal rotates a linear

~
i

4n 0* deg m V!—
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e ] 2,
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©-5] ¥ 0.2
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15|
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nideg—
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wegs)o—~
(b) (c)

0
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Fig. 5. Electrogyration effect (EI1{001], k!1[110]). (a) 4% and (b) 2646 versus azimuth 7, (notation of biasing voltage as in Fig. 1).
(¢) 646 and Ap versus biasing voltage. 645 values computed from (a) and (b) coincide in (©)-
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Table 1. Directions of measurement
E,.: measuring electric field; 6: mechanical stress; E,.: biasing electric field; k: wave normal; r,,,: linear electro-optic, g,,,: piezo-optic,

g electrogyration, and w,,,: piezogyration coefficients.

Number  E,. c | S k Fon
1 [o01] - [001] [110] Iy
2 [o01] - [o01] [110] —g
3 [111] - - [111] -
4 - [100] - [010] an—
5 - [100] - [001] qn,
6 - [110] - [001] 'm
7 - [110] [o01] [110] (2q,,—
8 - [001] (001] [110] (29, —
9 - [110] [112] [111] (29, —

polarization clockwise when looking towards the light
source. In this investigation only specimens of the con-
figuration A are used. The coordinate axes are defined
with the aid of the piezoelectric effect. According to
Collins & Bloembergen (1964) in crystals of con-
figuration A the (111) face of a slab, cut perpendicular
to [111], develops a positive charge for a longitudinal
stress. Thus the constant d,, is positive and the
orientation is easily tested by measuring the piezo-
electric voltage. With this convention the linear electro-
optic constant r,, is found to be negative. In a further
step we have checked the relative signs of d,, and r,,.
With a Jamin interferometer, absolute retardation
measurements can be made. The quantities obtained
with this method are deduced by substituting 4n" = 0
and n" = 1 into equation (10). With an electric field in
[001], a light beam in [110] and the vibration directions
nearly parallel and perpendicular to E, we determined a
negative ratio (n — 1)d,,/[0-5n3r,, — (n— 1)d,,]. This
indicates opposite signs for d,, and r,,. A final check
was carried out using the piezo-optic effect. Rama-
chandran & Chandrasekharan (1951) have reported
the piezo-optic constants q,, — q,, = —2-28 and gq,, —
g3 = —1:43 x 1072 m? N-L Their notations are
referred to a coordinate system which had been
determined by intensity inequalities of suitable reflec-
tions in Laue patterns. We have measured the same
ratio of the piezo-optic constants in samples which
had been orientated using a piezoelectric device.

IV. Results

In Table 1 all directions of measurement used are listed
with the corresponding tensor components. They were
obtained with rectangular shaped crystals of the three
different orientations [100][010][001], [110][110}-
[001], and [110][211][111]. For each orientation two
samples with different dimensions were prepared to
allow control measurements to be made. The electro-
gyration measurements with electric field and light
propagation parallel to {111] (No. 3) are of special
interest since no linear electro-optic effect occurs. This
allows a further check of the results obtained in

912

qm" Sm" w’ﬂ"
Sa
—Sa1
24/35,4/3
W3
— 4 Wi,
(wy, + w;)/2
G2~ 43t 2q44)/4 (wy, + W13)/4 + (Wu - W“)/2
42— G132 (wiy + w,)/2
92— G + 49,,)/6 Wiz + w3 + (W, — w,)/3

directions where the linear electro-optic effect disturbs
the determination of 4p.

A comparison of results with linear electro-optic,
piezo-optic, piezoelectric, and elastic constants shows
that the contributions g4n and g4I/! in (9) to the total
induced rotation 4dp are negligibly small compared to
the errors of measurement. This observation is dis-
cussed in § V in terms of a microscopic model, in
contrast to (9), which is deduced from a phenomeno-
logical theory of induced gyration effects.

The electrogyration constants s;; and the piezo-
gyration constants w;;, summarized in Fig. 6 represent
averaged values obtained from the different measure-
ments in Table 1. The quoted limits of error are no
indication of a poor agreement between the theoretical
and experimental values for the tensorial anisotropy of
the effects. They also occur in different specimens with
the same combination of tensor components. An
exhaustive examination of these errors by measure-
ments in several samples indicates that there seems to

J\i\
N

70} T '}\\
+ i\L’ My

Y4

|

B

S

500 ' 600
Alnm)

Fig. 6. Electrogyration (s,,) and piezogyration (w,,) constants
versus wavelength. Units: s, 10-*m V-!, w_ 10" m2N-!

400
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be a fundamental limit for the determination of electro-
gyration and piezogyration effects in polar crystals.
This limit may arise from an additional distortion by
the initial and induced birefringence which is explained
qualitatively as follows.

In considering the influences of an initial double
refraction, we assumed a homogeneously strained
crystal, which is an oversimplification. In practice we
must consider a crystal with inhomogeneous bire-
fringence. When such a sample is cut into small slices,
each one may be homogeneously strained with any
direction of the principal axes. Hurwitz & Jones (1941)
have proved that such a set of birefringent elements can
be replaced by one retardation and one rotatory plate.
Therefore, the inhomogeneity of a sample produces an
additional non-intrinsic optical activity. Superposition
of an induced birefringence onto the initial one changes
the inhomogeneity, and thus the observable rotatory
power must also change. We did not try to identify this
misleading effect. Nevertheless, both the electro-
gyration effect and the piezogyration effect exhibit such
a high anisotropy that the tensor character of these
properties is unequivocally proved.

The complete set of tensor components cannot be
obtained by transverse piezogyration measurements
alone. As can be seen from Table 1, w;, and w,, occur
only as the difference w, — w,,. However, the hydro-
static pressure measurements of Meyers & Vedam
(1967) allow the sum w,, + w,, + w,; to be computed
and thus a separation of w,, and w,, in our experi-
ments. All tensor components are listed in Table 2
together with the elastogyration coefficients wj;. The
latter quantities are not only necessary for estimating
the secondary electrogyration effect but are also of
interest in elasto-optic experiments with ultrasonic
waves. A positive constant indicates that a linearly
polarized wave rotates anticlockwise when looking
towards the light source. The signs given are valid for a
dextrorotatory crystal.

Table 2. Electrogyration (s,,), piezogyration (w,,),
and elastogyration (wk,) constants of NaClO,

Units: s, 107 m V=4, w,,, 10~ m2 N~!, wk, 1074

A(nm) 400 450 500 550 633
Se; 225 21.7 15-6 127 6-6
Wi, —-33.4  —31.6 292 —241 —16:3
Wia -78  —69  -5.9  —5.1 -3.0
Wi 36-4 34.7 31.7 26-4 17.3
Wag —42.9 —332 249 —153  —2.0
wyt -48  -38 34 28 -2
w, -123  —-11.5  —10-7  —88  —5.9
w, -34 =30 25 -22  —1.3
w¥, 11-8 11-4 10-4 8-8 5.7
w¥, -4.9  -3.8 -29 —1.8  —02

T w,=w, + w;, + w;; Meyers & Vedam, 1967).
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Using equations (14)-(15) we computed the follow-
ing differences in the constants measured under free
and clamped conditions: sJ, — s5, = 0-5w},d, =
—1-5x 107 m V-! (12%); w§, — wh, = 2s%,d,, =
0-8 x 1015 m? N-! (6%). In NaClO, the differences
for the further piezogyration constants vanish. In both
kinds of measurements the influence of the secondary
effect is only about 10%. Equation (16) shows that
isothermal and adiabatic electrogyration constants
differ only in pyroelectric crystals but not in NaClO,.
The corresponding differences in piezogyration con-
stants are smaller than 107! m2? N—. Thus, isothermal
and adiabatic measurements of induced gyration effects
are equal in practice.

V. Discussion

A suitable coupled-oscillator model describing the
optical activity has been developed by Chandrasekhar
(1960). Two charges, separated by a distance d,
oscillate perpendicular to the line joining them. The
angle between both vibration directions is 6. Then the
rotation p of a linearly polarized light wave is given by

o efisin2g MR
O dmmrdPe? (- AP

Here N is the number of oscillators per unit volume, e
the charge and m the mass of an electron, 4, the wave-
length at resonance, f the oscillator strength, and ¢ the
velocity of light in vacuo. Differentiating the above
equation yields

a4 yi| a4 Ad
—£=——]V—+2—£+2cot20A0_2—
p N S d
a2 Al
+ — . (17)
FER TR

On the basis of a harmonic-oscillator model the
refractive index is given by (Born, 1972)

e f BR

m—1=N—"-—2"__
me? 12— 12

and its change according to

n—1[{4AN Af  2* 44,
An = AR ———. 18
" (N+f+).2—lg /1.,) 19

A comparison of (17) with (18) reveals that the induced
rotation 4p may be partly expressed in terms of 4n:

Ap 4n AN

Ad
= An — —— — 2 —— 4+ 2 cot 260 46.
p nt—1 N d

(19)
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Now 4n, AN/N, and 4d/d in (19) are computed from
the linear electro-optic, piezo-optic, inverse piezo-
electric, and elastic effects. The difference between
these contributions and the total effect describes the
‘geometric term’ 2cot2046. As a representative
example we chose the [110] direction for light propaga-
tion and [001] for electric field and mechanical stress
respectively. The results are shown in Table 3. They are
evaluated with the aid of the piezoelectric and elastic
constants measured by Bechmann (1951) and
Haussiihl (1964) respectively. In both cases nearly the
whole effect is expressed by the geometric term. In
centrosymmetric crystals this contribution is the only
one which does not vanish when electric fields are
applied. Therefore, we conclude that there is no
essential difference for electrogyration effects between
crystals with and without a centre of symmetry.

Ramachandran (1951) has pointed out that the
orientation of the O%~ planes is mainly responsible for
the optical activity of NaClO,. Therefore, the micro-
scopic rotation 46 of (19) may be identified as a tipping
of these planes. The coupled-oscillator model in the
form used is obviously too simple for a further inter-
pretation of the measured effects by structural proper-
ties. Nevertheless, the above analysis shows that the
effects are caused by a twisting of specific structural
units under external influences rather than by a change
of resonance wavelengths or oscillator strengths. This
sensitivity of induced gyration effects on small changes
of atomic parameters suggests that they may be
successfully applied in the investigation of ferroelectric
and ferroelastic phase transitions, where such small dis-
placements occur.

Regarding the dispersion of the induced optical
activity, the existence of two oscillators with resonances
at 90 and 185 nm has to be taken into account
(Chandrasekhar, 1960). Whereas the optical activity is
mainly influenced by the resonance wavelength at 90
nm, the strong increase of electrogyration and piezo-
gyration with decreasing wavelengths indicates that
both induced effects are mainly caused by the 185 nm
oscillators. The experimental data are not exact enough
for a detailed analysis of the dispersion behaviour.

In conclusion we note that it is not possible to
achieve reliable results for electrogyration and piezo-
gyration constants without a careful examination of the

Table 3. Single contributions to the electrogyration
and piezogyration effect (¢! E I[001]; kI1[110])

4p/p Andn/(n*—1) —AN/N —24d/d 2 cot 26460
Electrogyration (x 10~ m V')
—4.61 —0-16 0-0 —0-17 —4.28
Piezogyration (x 1071 m2 N—1)
—4.98 —0-19 0-13 0-05 —4.97

ELECTROGYRATION AND PIEZOGYRATION IN NaClO,

birefringence effects. Although the equations describing
these influences are tested with a cubic crystal they are
of general interest because the approximations in-
volved, 2p > J and 49 > Ap, are also valid in birefrin-
gent crystals with a light beam nearly parallel to the
optical axis. It is worth while noting that experimental
determination of related effects, such as the nonlinear
optical activity, which has been recently studied theor-
etically (Ovander & Petrenko, 1977), may be subjected
to disturbances similar to those encountered in the
electrogyration and piezogyration measurements in
this paper.

The author is indebted to Professor Dr S. Haussiihl
for supplying the samples and for helpful discussions.
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