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THE optical properties of dielectric crystals, in par-
ticular, their refractive indices njj, change under the
influence of an electric field. It is usual to represent
changes in the refractive indices indirectly in terms
of changes in the polarization constants ajj, which are
squares of the reciprocals of the refractive indices.

In the simplest case of an isotropic medium, exhibiting
only the electronic polarization, the polarization con-
stant a, the refractive index n and the permittivity e
are related by

(1)

In some crystals, the changes (increments) in the
polarization constants are proportional to the first
power of the electric field (polarization). In this case,
we say that such a crystal exhibits the linear electro-
optical effect. All dielectric crystals should, in prin-
ciple, exhibit the quadratic electro-optical effect, i.e.,
the increments in the polarization constants should be
proportional to the square of the electric field
(polarization).*

Intensive investigations of the electro-optical
effects have begun relatively recently. The foundations
of the theory of the linear electro-optical effect were
laid by Pockels in 1894, (1] In the eighteen nineties,
Pockels carried out one of the first experimental in-
vestigations of this effect. However, for a long time
there was little investigation of the electro-optical
effect and its applications were very limited. The
main reason for this was the need to apply relatively
high electric voltages (tens and even hundreds of kilo-
volts) in order to obtain a perceptible effect. The rela-
tively intensive investigations of electro-optics began
about 15 years ago. They were primarily due to the
discovery of strong electro-optical properties in crys-
tals of KDP (KH,PO,) and some isomorphous com-
pounds. The electro-optical coefficients of these
crystals are more than an order of magnitude greater
than the coefficients of linear dielectrics known up to
that time. Moreover, the development of electro-
optical investigations was stimulated recently by the
growth of quantum radioelectronics. Electro-optical

*The optical properties of crystals are described best in terms
of refractive index ellipsoids. Using such a description, we may
say (in graphical terms) that the electro-optical effects are the re-
sult of the ‘‘deformation’’ of these ellipsoids under the action of an
electric field.
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crystals are now being used in devices employed in
the modulation of laser radiation.

Investigations of the electro-optical properties of
crystals are not only of practical but also of scientific
importance. The electro-optical properties of crystals
characterize in some way their polarizability. In the
case of ferroelectrics, the spontaneous electro-
optical effect, i.e., the change in the optical proper-
ties of a ferroelectric due to the appearance of the
spontaneous polarization, is a highly important subject.
The investigation of the spontaneous effect yields
information on the role of the electronic polarization
in the processes associated with the appearance of
the spontaneous polarization because, as is known,
the refractive indices of crystals basically represent
their electronic polarizability. It should be stressed
that the problem of the spontaneous polarization is of
itself the most important in ferroelectricity. Investi-
gations of the electro-optical properties of crystals
are important also in the elucidation of the nature of
the spontaneous polarization of linear pyroelectrics.

Up till now, quantitative measurements of the
electro-optical properties have been carried out on a
small number of crystals—about 20, including about
ten ferroelectrics.

From the theoretical point of view, the problems
of electro-optics are equivalent to the problems of the
electronic polarizability of crystals. L62,83] * 1y spite
of this, there are as yet practically no papers on the
polarizability of crystals treated from the point of
view of their electro-optical properties. The theoret-
ical treatments of the electro-optical phenomena are
usually limited to a thermodynamic description of the
electro-optical effect.

The electro-optical properties of crystals now find
wide practical applications. Some of these applications
will be considered at the end of the present paper.

1. RELATIONSHIPS DESCRIBING THE ELECTRO-
OPTICAL EFFECT

The optical properties of anisotropic media may be
described by index ellipsoids (optical indicatrices),
defined (in the principal system of coordinates) by the
equation

*We mean here the electro-optics in the visible part of the spec-
trum. In the infrared region, the electro-optical effect may obviously
be associated also with the ionic polarizability of crystals.



98 I.

(2)

A triaxial ellipsoid describes the optical properties

of crystals of lower symmetry systems (orthorhombic,

monoclinic, triclinic); an ellipsoid of revolution de-

scribes crystals of intermediate symmetry systems

(tetragonal, trigonal, and hexagonal); and a sphere

describes the optical properties of cubic crystals.
Making the following substitutions in Eq. (2)

2 1 2
=a — =}
0 n3 01

1 2
— =2,

1
z 2
1 ng

we can write this equation in the form

agz? 4 biy? - etz =1.

(3)

In an arbitrary system of coordinates, Eq. (3) is
written in the form

0 .2 0.2 0,2 0 0 [
a3, 2% + Agoy? + a5z + 2a5,yz - 205,z + 2087y =1,

(4)

where the index ‘“0’’ represents the state of a crystal
in the absence of an electric field. The coefficients
afk, known as the polarization constants, are expressed
in terms of the reciprocals of the principal values of
the refractive indices ay, by, ¢, using the well-known
formulas for the transformation of the components of

a polar tensor:

ay, =cj a5+ 0211"3 + €5:Chs ‘l
gy = €15 + €505 + Chach, ‘
A5 = Clafty -+ C3ab5 + c5ct, } (5)
Qgg = C12C1505 4 €2,05.0% -1 CapCaaC?,
ag, = €150nd; +- CasCa1lp + €33C34Cy, l
(e = C11C120 = Coy by - C31ConC5- J
In the principal system of coordinates of the index
ellipsoid [cf. Eqgs. (3) and (4)], we have

0 2 0 2
ay=a; ax=b;, a

33 =cj, ‘Zga = agl =ay,=0.

Upon application of an electric field, the ellipsoid
changes and, in general, its new principal axes do not
coincide with the old axes. We shall denote the new
polarization constants (allowing for the applied field)
by the symbols ajik, and the new reciprocals of the
principal indices will be denoted by a*, b*, ¢c*. These
new polarization constants, expressed in terms of the
reciprocals of the new principal indices, are written
as follows in the old (initial) principal system of coor-
dinates

ayy = c,a*? 4 cg b2 - 0316*2’ ]
Qo = €1,a* - 5, 0% - cG,e*, I
gy == C1y@*" + c30*% - 0™, } (6)
Qo3 = C1pC130™% + CpaCa3b™2 + £3055c*2,
@3y = €13C1@"2 4 o300 D™+ C3€50*2,
g5 = C110120*% + CpCpol*2 - Coyeme®e. )
The increments (changes) in the polarization con-
stants, due to the application of an electric field, re-
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ferred to the old system of coordinates, are [from
Egs. (5) and (6)]

ay—al, s34 ]
a0 — b, A3y, } (7)
ag—cy, .

In an analytic description of the electro-optical effect
one considers the relationship between the changes in
the polarization constants and the electric field
(polarization).

We shall introduce the notation:

2

Aay =ay—ai, Adyy = ay,,
2

Adgy = agp— b, Aagy = agy,
2

Aagy = az3—c}, Aagy=ayy

(Aayy = Aagy, Aag = Aayy, Aayy = Adyy).

Then, it follows from the foregoing treatment that
the equations for the linear electro-optical effect will
have the form

Aa;;=r;xEp, (8)
9
where rj;) and mjji are the coefficients of the linear
electro-optical effect, which are polar third-rank
tensors, and Ex and Py are, respectively, the electric
field intensity and the polarization. *

In the matrix notation, using two indices for a third-
rank tensor and introducing the notation

Aaj;=m; Py,

— 2
Aay=a; —ai, Aa, = ay,,
— 2
Aay = a5 — b}, Ay = ay,
2
Aag == agp—c}, Adg = ayy,

Egs. (8) and (9) may be written in the form

Aa,- == rijEj, (83.)
Adi :miij. (93.)
The matrix form of the first of these equations is
given by the table
] E, E, E,
ay—aj LETORE UT I ST
Ay — b Tar T Ty
33— C; T3y Ty T3
Q3 | Ty Ty Iy
31 | st Tsp  Tsg
Q12 | ey Tez  Tez. (8b)

*It is desirable to associate the electro-optical properties of
crystals with the polarization (and not with the electric field) in the
case of the spontaneous electro-optical effect in ferroelectrics. Un-
der real conditions, due to the finite conductivity of a crystal and
the surrounding medium, the equations Edep =0, D = 47P (where
Edep is the depolarizing field) govern the appearance of the spon-
taneous polarization in a ferroelectric. Precisely this relationship
between D and P (D/47 = P) is assumed in Eq. (9). We note that
under the conditions of the ‘‘induced’’ electro-optical effect in a
ferroelectric (the effect induced by an external field), the equation
D/4m = P is also satisfied approximately because the relationship
€ = 4na (¢ >> 1) is satisfied approximately due to the high polariza-
bility of ferroelectrics.
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Table I. Matrix form of the electro-optical coefficients (ry;)
and (mij) of various crystals: component equal to zero;
e component not equal to zero; o e equal components.
e-0 components equal in magnitude but opposite in
sign. The number of nonzero coefficients is given
parentheses after each matrix.

Triclinic system

Class C;
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(18)
Monoclinic system
: Class C, Class C,
; 2liy ‘ 20z
| i
: . . . ° B . : . . ‘
; |
: e o o . L) . ‘ . . v e e l
| |
1 H . - Y . ° (8) [ ] [ [ ) . Y (8)
1__ JE RO | . o
i Class Cg Class C
| s
| m Ly ml z
|
‘[ [ ] . . . Y . > L] [ ) [ i
! ’ . . . . ° e o @ . ;
! !
% ° . * . P . (1 . 'S - . (10)
‘ - - —— - - ! — —
Trigonal System \i
} Class C; Class D3 }
i
! . . N 1
. 1 . . . ' 1
! *—9 [ ] . / (6) i . . - . . . (2)
Class C;., Class Cy¢ \
m 1 oz m | xg 1
‘ ‘ N . . . . ‘
— o - —. o . . o]

i

When this notation is used, the matrices of the co-
efficients rjj and m,; are fully equivalent to the ma-
trices of the piezoelectric coefficients njj and ej;. L]
The formal relationship between the electro-optical
(linear effect) and the piezoelectric phenomena, de-
scribed by third-rank tensors, extends even further:
in accordance with symmetry considerations, all piezo-
electric crystals should exhibit the linear electro-
optical effect. Hence, it follows that, for example, the
electro-optical properties should be exhibited by all
crystals which do not have a center of symmetry (with
the exception of acentric cubic class O). *

*The notation of crystal classes follows Schonflies (cf. [2]).

The symmetry of crystals imposes certain restric-
tions on the matrices of the coefficients rjj [cf.

Eqg. (8b)] and mjj. Some of these coefficients are the
same for several classes, others are equal to zero,

etc. Table I gives the matrices of the coefficients ry;

of all the electro-optical crystal classes (linear effect).
The matrices of the coefficients mj; are fully equivalent
to the matrices of the coefficients rjj.

Since the linear electro-optical effect is possible
only in piezoelectric crystals, it follows that the linear
effect and the converse piezoelectric effect coexist.
This means that in the description of the electro-
optical effect we must allow for the piezo-optical effect:
the change in the optical constants due to the deform-
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Table 1. (Cont’d)

Hexagonal system

Class Cq Class Cqy
- . x '3 * - » / .
. . . . . . . .
—e o . . . (4) —e o o . . 3
Class Dy Class D,y
\
M | Y A )
Class Dy Class Dy,
ml x mly
. . . . . . . .
T e v .. s i
I
|
. . (1) . . . . . (1) ]’
Orthorhombic system L‘
Class V Class (',
- . 4
- '] L
s e o . . .
e ()
! Tetragonal system
Class C, l Class S,
. . . . i ' . .
, .
){\. | /
. . s o . ‘ \ . . . .
——se . . ‘ —o . .,
* ANON °/ ¥
Class D, ! Class C,,
\ . ¢ . 2) ——a o . .> (3)
Class Vg4
. - . . 3
(2
Cubic system
Classes Tqand T
. . .
(1
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ations caused by the converse piezoelectric effect.
The change in the polarization constants when an elec-
tric field is applied, to a crystal, which is not asso-
ciated with the converse piezoelectric effect (i.e., the
piezo-optical effect), represents the true linear electro-
optical effect. Thus, the true linear electro-optical
effect is solely due to the direct influence of an elec-
tric field on the charge in a dielectric, which causes
a redistribution of the density of the electron clouds
of the particles in the dielectric. The false linear
electro-optical effect represents the change in the
polarization constants due to the converse piezoelec-
tric effect (through the piezo-optical effect). The divi-
sion of the electro-optical effect into the true and false
effects is in many respects analogous to the division
of the pyroelectric effect into the true and false
effects. In contrast to the pyroelectric effect, the
true electro-optical effect is considerably greater
than the false electro-optical effect.

The equations for the electro-optical effect (both
true and false taken together) have the form

e
Aaj;=r1i3Ep = riinEy == PijimT ims

(10)

/ X .
Aa;y==m; Py ==mipPy -+ Pijimlim,

where r* and m¥* are the coefficients of the true

ijk ijk
electro-optical effect, r;y, is the deformation tensor
(second-rank tensor), pijlm is the tensor of the

elasto-optical coefficients (fourth-rank tensor). We
note that the false electro-optical effect [the second
term on the right-hand side of equations denoted by
{10)] may be also be written using a different piezo-
optical coefficient, i.e., the coefficient Tijlm- The
tensors mand p are related by

Pijre = Tijr1Chirss (11)
Tkt = PijrsSvshiy
where c is the elastic stiffness, and s is the compli-
ance of a crystal. (22 The matrices of the tensor of
the coefficients 7 are identical with the matrices of
the electrostriction coefficients G and H.[*J The co-
efficients of the tensors Pijkl and Tijkl are commu-

tative with respect to the inner indices i, j and k, Z,
but are not commutative with respect to index pairs.

Under experimental conditions, one measures the
total effect, representing the true and false electro-
optical effects. The false effect contribution is given
by the second terms on the right-hand side of the
equations denoted by (10). The false electro-optical
effect may be regarded as a correction to the true
effect. With this in mind, using the piezoelectric
effect equations -2

rlmzdklmEh’
Fim = EatmPr,
where di/m and gj 7y, are the piezoelectric coeffi-

cients, Eq. (10) may be transformed into

b
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Aay; = (riin -+ Pijimnim) B

Aay; = (M + PijimGrim) P (12)

The products pd and pg in the above equations do indeed
look like corrections to the coefficients of the true
electro-optical effect, r* and m*. *

Vlokh and Zheludev 4 published a general treat-
ment of the changes in the optical properties of crys-
tals of all classes due to the linear electro-optical
effect. These changes are given in Table II, which
deals with the two cubic classes Tg and T when a field
E is oriented along some of the most important direc-
tions. An examination of Table II and its analogs for
other crystals, together with simple symmetry consid-
erations, allow us to make some general remarks on
the electro-optical properties of crystals.

Thus, in particular, the symmetry of the indicatrix
of optically uniaxial crystals (crystals of intermediate
symmetry, except crystals of the classes Vg and Sy)
is not affected by the application of a field along a
higher-order axis (optical axis): such crystals remain
unaxial. Moreover, an electric field applied along the
[001] or [0001] directions does not change at all (in the
linear approximation) the optical properties of crystals
of some symmetry classes (Dy, D3, Cgh, Dg, Dsp). The
symmetry of the optical indicatrix of crystals of the
classes V4 and S, is altered by a field applied along
any direction (including the [001] direction) and such
crystals transform from uniaxial to biaxial., A field
along the [111] direction makes cubic crystals of the
classes T and T4 optically uniaxial and a field along
any other direction makes them optically biaxial.

In addition to the linear electro-optical effect, which
occurs only in piezoelectric crystals, all dielectric
crystals exhibit the quadratic electro-optical effect.

In the latter effect, the changes in the polarization
constants of crystals are proportional to the square of
the electric field intensity (E?) or the polarization (P%)T

Aaij B LijhlEkEl’

13
Aaij=M; PP, (13)

where L and M are the coefficients of the quadratic
electro-optical effect and are fourth-rank tensors. The

coefficients of these tensors, like the electrostriction
coefficients, are commutative with respect to the inner
indices i, j and k, /, but are not commutative with
respect to index pairs.

Using the notation employed in the present section

*Sometimes the true electro-optical effect is called the *‘pri-
mary’’ effect and the false effect is called ‘‘secondary’’. Thus, the
primary effect is observed in a crystal which cannot be deformed by
the application of a field, while the total effect is observed in a
crystal which can be deformed by a field (due to the piezoelectric
effect). Hence, it follows that the secondary effect is equal to the
difference between the total and primary effects:

* __ nr J—
r¥=r? r=rt, Feee =F—r¥=pt__pr,

tThe meaning of P is the same as in Eq. (9).
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Table II. Change in the optical properties of cubic crystals
under the action of an electric field (linear electro-optical

effect).
Angle be-
. Symmetry . . R 4
Initial class after Ir;dxcatrxx equation Canonical indicatrix tween the
. s . n the crystallo- . N i crystallo=
sym- Field apphca.xtxon of graphic system of | €quation in the prin- graphic
rcnleat;;' direction a field coordinates x, y, z ClPﬂ% system of axes and the
\ for T | for T4 for the initial class X,¥,2 principal
system of
icoordinates '
T,Tq < 001> | Cof6) | Copl6) | a2 (@2 4y2+22) | (@+ryEDe2t(a® | Ey=£45°
+2ryEry=1 | —rykE,)y'*+a22"2
<OU0> | CofB) | Cool6) | a2 (2+12+2%)  [(@2+4ry By )a't+a2y’ | Ep= 1450
+2ryEyzr=1 +(a2—ryky)z'3=1
< 100> Co(B) | Cgp(6) | a2 (x2+y2+22) a2z’ 2+(a2+r Ey)y'2 Ey=445°
AeryExyz=1| +(a2—ryEy)z'?—1
<UMI>| Cyl4) | C3p(d) | @2 (22+y2+122)
+2r44 (Exyz
+ Eyzz+ E,vy) .
<> C4(12)| C(12)| @ (a2 a2 422 (a2+ryV EE+ED)2? | & =t=145°
Fory Bz | HerryV EXTE)
+ Eyzz)=1 Xy'24a22'2=1

for the quantities Aaij, and going over to single indices
in accordance with the notation EJE; = Ef, E.E, = Eg;
EsE; = E}; E,E,, EE, = E}; E\E;, EjE; = E}; E(E,,

E,E, = E}, we obtain the following matrix form for the
first of the two equations denoted by (13)

Aay | Ly Ly Ly Ly Ly Ly
Aay | Ly Ly Lys Ly Lps Ly
Aag | Ly Ly Lss Ly Ly Ly
Aa, | Ly L, L Ly Ly L
Aas | Lsy Lsy Lss Ls; Lss Lsg
Aag | Ls, Le» Les Ley Lgs  Lge (14)

Similarly, we can write the second of the two equations
(13). When our notation of the quantities Aaij, Em: Eps
Py, P is used, the matrices of the coefficients L

and Mpq are found to be completely identical with the
matrices of the electrostriction coefficients G and H. L3

The first of the two equations in (13) should be used
in the description of the quadratic electro-optical
effect due to the application of a field to a crystal,
while the second equation is convenient in the descrip-
tion of the changes in the optical properties of ferro-
electric crystals, associated with the appearance of
(or the change in) the spontaneous polarization.

We can easily see that the quadratic effect can be
also divided into the true and false effects. The true
quadratic electro-optical effect represents the change
in the polarization constants, proportional to the square
of the applied field (polarization) due to the direct in-
fluence of an electric field (polarization) on the
charges in a dielectric; the true quadratic electro-
optical effect is not associated with the deformation
of a crystal, which always occurs when a field is
applied (or the polarization is altered), due to the

piezoelectric effect or the electrostriction. The
false quadratic electro-optical effect represents the
change in the polarization constants, proportional to
the square of the electric field (polarization), due to
the deformation of a crystal because of the electro-
striction.

e true and false effects taken together are de-
scribed by the relationships

*

Aa;; = LEWELE - PijmnTinn,
E 3

Aa;; = M¥5aPrP + PismnTmn,

(15)

which, by the use of the relationships (cf. [3])
Tmn = RypnmiExEy,
rmn:anklPkPl

(where Rmnpki, Qmnkl are the electrostriction coeffi-
cients), may be written in the form

Aai; = (Lijet+ PismnBonnr) EnEy,
Aa;; = (M7n+ PijmnQunit) PrPy. (16)
This form of notation allows us to treat the false
quadratic electro-optical effect, described by the
products pR and pQ, as a correction to the coefficients
of the true quadratic electro-optical effect, L* and M*.
The quadratic electro-optical effect (like, for
example, electrostriction) is a second-order effect
and, in general, gives rise to small (compared with
the linear electro-optical effect) changes in the optical
properties of dielectrics. However, for polar liquids—
whose quadratic electro-optical effect is known as the
Kerr effect'’] —and ferroelectrics, the quadratic effect
(like the electrostriction) may be considerable. In the
case of linear dielectric crystals, which exhibit the
piezoelectric effect, the quadratic electro-optical
effect may be neglected compared with the linear
effect. We shall show that in an alternating electric
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field of frequency f the optical properties of a crystal
vary, due to the quadratic electro-optical effect, at a
frequency 2f.

Investigations of the electro-optical properties of
a crystal reduce, in the final analysis, to the deter-
mination of the change in the polarization constants of
the crystal under the influence of an electric field
(polarization). The changes in the polarization con-
stants can be found most simply from increments in
the refractive indices An and the angle of rotation x of
the optical indicatrix.

The quantities An and ¥ may be measured by

various methods (refractometry, interferrometry, etc.).

In real crystals, the problem may be reduced to the
direct measurement not of these quantities but of quan-
tities related to them, from which the electro-optical
coefficients may be calculated. Such measurements
are, as a rule, carried out in plane-polarized or cir-
cularly polarized light and they involve a visual or
photometric determination of the varying intensity of
the light transmitted by a system when an electric

field is applied to a crystal. The electro-optical coef-
ficients may be calculated from the value of the voltage
necessary to produce a path difference of A/2, the angle
of rotation of the optical indicatrix under the influence
of the field, and the angle of compensation, using
various birefringent compensators.

Other methods are based on the measurement of the
changes in the interference-conoscopic pattern under
the influence of a field (measurement of the angle be-
tween optical axes, determination of the shift of inter-
ference bands). The electro-optical coefficients may
also be determined by spectroscopic methods. Cne of
these involves the measurement of the shift of inter-
ference bands in a continuous spectrum, obtained in a
spectrograph by placing in front of its slit a birefring-
ent plate of the crystal under investigation, located
between crossed polarizers and in the maximum trans-
mission position.

2. OPTICAL SYSTEMS USED TO INVESTIGATE THE
ELECTRO-OPTICAL EFFECT L6:7]

Plane-parallel plates or parallelepipeds, cut from
the investigated crystal, are used in the studies of the
electro-optical effect. The cross section of the optical
indicatrix, parallel to the plane of the plate, is, in
general, an ellipse, whose semiaxes are equal to the
refractive indices of two rays which are traveling at
different velocities and whose light vectors vibrate
along these axes. Under the action of a field, this
cross section of the indicatrix changes (Fig. 1), i.e.,
the ellipse may, in general, rotate and its semiaxes—
refractive indices—change (Fig. la). In special cases,
this change may be one of the following three types:
rotation of the ellipse (Fig. 1b), deformation of the
ellipse (Fig. 1c), and finally, in the case of a circular
cross section of the indicatrix (Fig. 1d), the circle
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FIG. 1. Various types of changes in the optical indicatrix of a
crystal under the action of an electric field and the orientation of

the cross section of the indicatrix in crossed polarizers, used in
various types of change of the indicatrix. A — analyzer; P — polar-
izer; n” and n” — refractive indices; An” and An” — increments in
the refractive indices; Ay — angle of rotation of the elliptical
cross section of the optical indicatrix.

may change into a circle of different radius or may
transform into an ellipse oriented along a certain
direction (in particular, at an angle of +45° to the
crystallographic axes), or it may remain unchanged
(if the effect is absent).

Depending on the nature of the change in the optical
indicatrix induced by a field, the electro-optical effect
and its applications are nowadays investigated using
mainly the following four types of optical systems
(Fig. 2):

I. A crystal is placed between crossed flat

s L P Cr A

7 \ -
7 7 @
s L /2 % o % 4

\ -

I ] i
& -45° +45° 0°
s L P Cr 2

7 e :
r g 45 9
S L P cr Co 4

\ i

7o i \
0 45° 99°

FIG. 2. Types of optical systems used to observe the electro-
optical effect, and to modulate and interrupt light beams. S —
source of light; L — lens; P — polarizer; A — analyzer; A/4 — quar-
ter-wave plate; Cr — crystal; Co — compensator. The orientations
of the elements are given in degrees.
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polarizers; a parallel or convergent monochromatic
beam, recorded by a photomultiplier, is passed
through the system.

II. A crystal is placed between left-handed and
right-handed circular polarizers, consisting of
polaroids and A/4 mica plates, whose crystallographic
axes make, respectively, + 45° with the plane of polar-
ization of the crossed polaroids.

III. Only one A/4 plate, oriented at +45° as in
system II, is placed in front of a polarizer in system I.

IV. System I is supplemented by some type of
birefringent compensator, which is placed behind the
polarizer or in front of the analyzer. This system is
used mainly for making measurements, while the first
three systems are applied to the modulation of light.

The orientation of the crystal plate in an optical
system depends on the nature of the change in the
elliptical cross section of the optical indicatrix and
on the type of problem to be solved (measurement of
constants, modulation of light, etc.).

If the cross section of the indicatrix is elliptical,
the plate in system I is placed normal to the rays or
in the extinction position. This position is used when
the electric field mainly rotates the elliptical cross
section of the indicatrix and only slightly deforms it.
The intensity of the transmitted light will increase as
the intensity of the field applied to the crystal is in-
creased.

If the effect of a field on a crystal is simply to de-
form the elliptical cross section of the indicatrix, the
plate is placed in the position of maximum transmission
in the absence of a field, i.e., so that the axes of the
ellipse make an angle of 45° with the planes of polari-
zation of the crossed polarizers. The intensity of the
transmitted light will change when the electric field
is applied and increased. The light transmitted by a
system in the absence of a field may be extinguished
by means of a birefringent compensator introduced
into the system (for example, an exactly identical
plate but rotated by 90° about the axis of the system,
which corresponds to case 1V).

If the cross section of the indicatrix is circular, we
may use systems I, II, and III. Then, if the circle be-
comes elongated into an ellipse under the influence of
a field, in the absence of a field, the plate is placed in
such a way that the principal axes of this ellipse are
rotated by 45° with respect to the direction of vibra-
tions in the crossed polaroids. As the field is in-
creased, the intensity of light will rise from zero (in
the case of systems I and II), reaching its maximum
when the path difference is equal to half the wavelength.

1t should be mentioned that a crystal plate whose
indicatrix has a circular cross section does not require
special orientation in system II with the right-handed
and left-handed circular polarizers and analyzers.
When system III is used, in the presence of a plate not
subjected to a field the intensity of the transmitted
light is not equal to zero but decreases or increases
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depending on the direction of the applied field vector.
It decreases to zero or increases to a maximum value
in a field which makes the additional path difference
equal to A/4. Therefore, 100% modulation of light is
obtained in system III using an effective field intensity
half that required in systems I and II.

In the absence of a field, light is not transmitted
through systems 1, II, and IV and the frequency of
modulation is twice as high as the frequency of the
alternating electric field applied to a crystal. On the
other hand, system III transmits half the maximum
intensity of light in the absence of a field, and when an
alternating field is applied to a crystal the light is
modulated at the frequency of the applied field.

Figure 3 shows the characteristics of the light modu-
lation for systems I, II and IV, and separately for
system III.

b)

FIG. 3. Nature of the transmission and modulation of light in
electro-optical systems: a) I, II, IV; b) Ill. J — transmission; V —
voltage; t — time.

Fields are applied to crystals using a variety of
electrodes. Opaque electrodes are used in those cases
when light must pass through a crystal at right angles
to the field. Transparent or grid electrodes are used
when light should pass along the direction of the field.
Transparent electrodes are deposited either directly
on the crystal surface (zinc oxide, semitransparent
gold electrode), or on glass plates (stannous oxide),
which are in contact with the crystal. Sometimes,
conducting liquid electrodes are used. Grid electrodes
are deposited on the crystal surface in the form of
sufficiently thick low-resistance films. The most
rational form of electrodes is the ring or grid type.

Recently, microwave modulation of light has been
achieved by placing a crystal at an antinode of a
standing electric field wave in a waveguide. The light
passes through the crystal along the direction of the
vector of the applied electric field or at right angles




to it. The crystal is sometimes placed in a traveling
wave of microwave frequency.

Because of their high resistance, transparent elec-
trodes are used in low-frequency modulators (8:9] (up
to 100 ke) and in constant fields. Grid electrodes
allow us to increase the modulation frequency; when a
ring electrode of indium is used, the modulation fre-
quency may be raised to 50 Mc, (10 and the waveguide
method of applying a field to a crystal imposes no fre-
quency limit at all. In practice, it has been possible to
measure the permittivity, employing the microwave
technique, at 36 Ge. 11

3. SOME REMARKS ON THE DIRECT DETERMINATION

OF THE ELECTRO-OPTICAL COEFFICIENTS

The circular z cross section of the optical indica-
trix of tetragonal ADP (NHH,PO,) and KDP (KH,PO,)
crystals* is elongated, by the action of a field E, ,
(along the optical axis), into an ellipse oriented at an
angle of +45° to the crystallographic axes. When
system I (Fig. 2) is used, the intensity of light trans-
mitted along the axis of the system, for a suitable
orientation of a crystal with respect to the field Eg,
is given by the following formula: {2

J=L . ginz Woidres

17
7] T, (17)

where A is the wavelength, n, is the ordinary refractive
index, V = Ezd is the voltage across the crystal. From
this formula, it follows that the intensity will reach its
maximum value (J = 1) at a voltage V' ensuring a path
difference A/2, i.e., when

A
63 = 57735 *
63 2V 03

(18)

Using this formula, we can determine the electro-
optical coefficient rgy and its dispersion by passing
monochromatic light of various wavelengths through a
crystal and by measuring the corresponding voltages
V’ necessary to obtain the path difference A/2.

When system II (Fig. 2) is used, the electro-optical
coefficient rgy of ADP-type crystals may be determined
from the angle of compensation, i.e., the angle through
which the analyzer has to be turned in order to com-
pensate (or to reduce to a minimum) the intensity of
light obtained for a given voltage across a crystal.
The angle of compensation ® depends linearly on the
value of the voltage across a crystal

__ Teanpn
@ = BTy
which makes it possible to determine rg; for any
voltage across the crystal.

*ADP and KDP crystals belong to the V4 class (a fourfold re-
flection axis is the optical axis of these crystals and they have
also two twofold axes, which are perpendicular to the optical axis,
and two symmetry planes passing through the fourfold reflection
axis and making angles of 45° with the twofold axes).
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FIG. 4. Interference conoscopic patterns, obtained when light is
transmitted through a z-cut plate of ADP crystal. Linearly polarized
light, crossed polarizers; a) without any field; b) in a field V, =
5 kV. Circularly polarized light, dark spots represent the emergence
of the optical axes: c) without any field; d) in a field V = 5 kV.

The interference-conoscopic pattern, obtained
when linearly polarized and circularly polarized light
is transmitted through a z-cut plate made of a crystal
with the ADP or KDP symmetry, is shown in Fig. 4.

We have pointed out that system I is used in those
cases when the angle of rotation of the optical indica-
trix depends on the field E. Knowing the dependence of
the angle of rotation of the indicatrix on the voltage
across a crystal, we can find the electro-optical coef-
ficients from the experimentally determined angles of
rotation of the optical indicatrix corresponding to a
given voltage across the crystal. Thus, for example,
in pentaerythritol crystals subjected to a field at
right-angles to their cleavage planes, i.e., along the
symmetry axis denoted by the index 2, the cross sec-
tion of the optical indicatrix, which is elliptic in the
absence of a field, L2 ig rotated by an angle £, when
light is passed along the field direction, the angle &,
being given by k142

tan 28, = @ =+ (19)
where ay and ¢, are the reciprocals of the principal
values of the refractive indices for a given cross sec-
tion in the absence of a field. Having determined
experimentally the values of the angle &, for two dif-
ferent values of the voltage across a crystal and sub-
stituting these values in a system of two equations of
the Eq. (19) type, we can determine rg and (ryy — rs).
In the case of crystals belonging to the Dj class—
in particular quartz crystals —the measurement of the
electro-optical coefficients is carried out very simply
by the use of two y-cut plates, placed between crossed
nicols and oriented in such a way as to compensate
their double refraction (x axis of the first plate coin-
cides with the z axis of the second plate, and conversely).
Here, an electric field is applied to one of the plates
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along the x axis and light is propagated along the y
axis.

When the principal axes of the optical indicatrices
of these plates make angles of + 45° with the planes of
polarization of the nicols, then, in accordance with the
formula for the intensity of light, the total (or maxi-
mum) transparency of the system is obtained when the
field establishes a path difference of A/2

1 adyryndE;
P

vl a

(20)

Here, d, is the thickness of a plate along the y axis
direction, ng is the ordinary refractive index of the
crystal, A is the wavelength of the light employed, and
Ey is the field intensity ensuring the path difference
A/2. The electro-optical coefficient r,, follows from
Eq. (20):

A

Ty = «
I

(21)

In the case of cubic crystals belonging to the Tq
class (ZnS, CuCl, urotropin), the electro-optical coef-
ficients can be determined relatively easily by using
different directions of the light and the field. The
transverse effect can be found very simply: the field
is applied along the [110] direction and the light is
propagated along the same direction. The double re-
fraction induced by the field for this direction of prop-
agation of light is represented by 1/zngr“E. When the
plate thickness in the direction of propagation is d,
the path difference becomes

= % dnlrE, (22)

where ng is the ordinary refractive index, E is the
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field intensity, and A is the wavelength. If the double
refraction or the path difference is known, the value
of the coefficient r,; can be determined.

4. LINEAR ELECTRO-OPTICAL EFFECT IN LINEAR
DIELECTRICS

As mentioned earlier, all piezoelectric crystals
should, in principle, exhibit the linear electro-optical
effect. This follows, for example, from the fact that
the electro-optical effect is described by a third-rank
polar tensor, which for all crystals is identical with
the piezoelectric tensor. However, one must point
out, that because of the smallness of the effect, the
difficulty of detecting and measuring it, and—until
very recently—the few practical applications of the
electro-optical properties of crystals, the electro-
optical properties have been investigated only for a
very small number of crystals (less than twenty). We
must add that the electro-optical properties of even
these twenty crystals were in most cases not fully
investigated.

Quartz and tourmaline were the first crystals in
which the electro-optical effect was discovered. H:15:16]
Only one electro-optical coefficient, ry,, has been
determined for tourmaline (Table III).

For quartz, two electro-optical coefficients, ry;
and ryq, have been determined. The electro-optical
properties of crystals may be interpreted by the
characteristic surfaces of third-rank polar tensors.
In the case of quartz, the characteristic surface of the
linear electro-optical effect is completely analogous
to the characteristic surface of the piezoelectric
effect.

Table III. Electro-optical coefficients of some linear

dielectrics
Voltages nec-
essary to pro-
Crystal Symmetry |ry; X 10 cgs esu g?&zrg:éz Reference

A/2 (h=5461A)kV!

1. Quartz Dy ry=0.59 ~33 1,15-20
r41:1,4
2. Tourmaline Cyy rop=0.9 1
3. NaClO; T ry=1.19 200 1
4, ZnS Tq ry=95.0 ~10 21, 22
5. CuCl Ty ry=18.4 6.2 23
6. Pentaerythritol §,(Ca) reo—4.38 14
rgg—rig=2.09

7. CdS Ceov rgp=11.1 24
8. Urotropin Tq rg=>5.1 ~15 25, 26
9. GaAs Tq ru=12.5 27
10. HZSZOG D3 7'“:0.79 25
11. CsyCH,Og Dy ry1=3.00 25
12. (CgH1204)2-NaBr- Hs0 D, ry1=0.30 25
13. LiKSO, Cg ry1—raz=4.80 25
14, (NH,)oCds(SO,); T4 ndry, =8.70 28
15. (NH,)aMny(80,)5 Tq ngr,,=6,30 28
16. NazgSbS,-9H,0 T ngr,=16.32 29
17. ZnSe Tq ru;=4.82 30
18. Nag(A1SiO)(O1ICl), Ty ry,=>5.00 31
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The electro-optical properties of AT- and BT-cut
plates of quartz were investigateduHs] because of
the use of quartz in the modulation of light and in
optical range-finders. For BT-cuts it was found that,
in a constant field Ey = E sin 49°, the change in the
ordinary refractive index due to a change in the field
by 1 cgs esu is equal to Ano/AEy =3.3x 1073, and in
an alternating field of resonance frequency this change
is 3.3 x 107, Thus, because of the high value of the
Q-factor of quartz, a field alternating at the resonance
frequency alters the refractive index by an amount
which is 1000 times greater than the change induced
by an equal constant field. However, it must be men-
tioned that 100% modulation of light is not obtained in
quartz plates at their resonance frequency because
the fields required for such modulation are stronger
than those which fracture quartz by strong mechanical
deformation.

The values of the electro-optical coefficients of
quartz listed in Table III represent the total effect,
both true and false. Using Eq. (12), we can easily
estimate the contribution of the false effect. Calcula-
tions show that = 80% of the coefficient ry; represents
the true effect and = 209% the false effect. Evidently,
in general, the contribution of the false electro-optical
effect in linear piezoelectric materials is greater
than the contribution of the spontaneous false electro-
optical effect in ferroelectric materials (see below),
at least in the phase transition region.

The electro-optical properties have been investi-
gated recently for several other trigonal crystals
(K9Sy0g, CsyC4H,Oq, (CgH{,0;), - NaBr - H,O] and one
hexagonal crystal, LiKSO,. The information about
their electro-optical properties is also given in
Table III.

The electro-optical properties have been investi-
gated for several cubic linear dielectrics: sodium
chlorate NaClOs, sphalerite ZnS, copper chloride
CuCl, gallium arsenide GaAs, urotropin C¢H{)Ny,
langbeinite [(NH,);Cdy(SOy)s, (NH,);Mn,y(SOy);), sodalite
type crystals [Nag(AlSiO,)(OHCl),, ZnSe] and several
others. The electro-optical properties of cubic crys-
tals are attracting much attention because of the pos-
sibility of using these crystals in light sources with
wide-angle apertures. The values of the electro-
optical coefficients of these crystals are listed in
Table III. The electro-optical coefficient ryy of CuCl
is large compared with other linear dielectrics.
Unfortunately, good-quality CuCl crystals are difficult
to synthesize.

The electro-optical properties of crystals of penta-
erythritol C(CH,OH), are very characteristic. It has
been found ¥ that some growth pyramids of this
crystal have the monoclinic symmetry (class C,), due
to mechanical stresses during growth, while a crystal
formed of four growth pyramids has the S, symmetry.
The latter symmetry is confirmed by the x-ray dif-
fraction investigation of this crystal. Investigations
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of the electro-optical properties of pentaerythritol
have been carried out only on monoclinically distorted
samples. Because of the distorted symmetry of such
crystals (class Cy), they have eight independent electro-
optical coefficients (axis 2 of these crystals is taken
as the y axis). The coefficients rs, and the difference
(rsy — ryp) have been determined experimentally (cf.
Table III). The field in these determinations was ap-
plied along the y axis, and the light was propagated
along the same direction, in a plate placed between
polaroids. The value of the coefficient ryy was calcu-
lated from the angle of rotation of the optical indica-
trix under the action of a given field [cf. Eq. (19)].

The electro-optical properties were recently dis-
covered in the hexagonal crystal CdS (class Cgy). The
value of the electro-optical coefficient rsy of this crys-
tal is also given in Table III. The electro-optical
properties of CdS crystals are of considerable interest
in view of the fact that the ultrasound may be amplified
by the conduction electrons (excited by an internal
photoeffect) in these crystals.

5. LINEAR ELECTRO-OPTICAL EFFECT IN
FERROELECTRICS

The electro-optical properties of ferroelectrics
depend considerably on whether the sample is elec-
trically short-circuited (E = const) or open-circuited
(D = const) during measurements. It follows from
Eq. (8) that the coefficient rj;) is obtained when the
electric field intensity is constant and the coefficient
mjjg is obtained when the electric induction is constant.
It is known that some coefficients, representing the
properties of ferroelectrics in the phase-transition
region (elastic constants, piezoelectric coefficients),
vary slightly in that region if they are measured under
the condition of constant electric induction (open-
circuited state) but alter considerably if they are
measured in a constant field (short-circuited state).
It is found that the same applies to the electro-optical
coefficients. When D = const, the electro-optical
effect is independent of the change in the permittivity
€ of a crystal. The electro-optical effect does, how-
ever, depend on a change in ¢ if the field intensity is
constant. Thus, in the latter case, the electro-optical
effect is governed not only by the spontaneous polari-
zation, but also by an additional charge obtained from
outside. In other words, the electro-optical properties
of ferroelectrics are better described by Eq. (9) and
represented by the coefficient mjjix. Investigations of
a number of ferroelectrics have shown that this coef-
ficient has no anomalies in the phase-transition
region.

The spontaneous electro-optical effect in barium
titanate (BaTiOsg) can be deduced from the temperature
dependences of the spontaneous polarization (Fig. 5)
and refractive indices (Fig. 6). From these two
figures, it follows that, in the tetragonal modification
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FIG. 5. Temperature dependence of the spontaneous polarization
of BaTiO, (according to Merz [*°]).
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FIG. 6. Temperature dependence of the double refraction of four
different crystals of tetragonal BaTiO, (according to Meyerhofer

[57])'

(which exhibits the linear electro-optical effect), a
polarization increment of 8 x 10% c/cm? corresponds
to a change in the refractive indices by An = —0.03.
This allows us to estimate the electro-optical coeffi-
cient mjy of this crystal:

mg;=1.87-1077 cgs esu.

An estimate of the product pg [cf. second expression
in Eq. (12)] shows that only 5% of this quantity may be
ascribed to the false electro-optical effect. No direct
measurements of the electro-optical properties of the
tetragonal modification of BaTiO3 have yet been
published.

The linear electro-optical effect in ferroelectrics
has been investigated in greatest detail for KDP
crystals. It should be mentioned that the generally
pronounced electro-optical properties of this crystal
(and other isomorphous compounds) have stimulated
and greatly helped in the investigation and application
of the electro-optical properties in general.

At room temperature, potassium dihydrogen phos-
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phate KH,PO, is an optically negative uniaxial crystal.
Its refractive indices for the D-line of sodium at 15°C
are: ny =ny =nyg = 1.5095 and n3 = n, = 1.4684, and the
double refraction is represented by An = ng — ny

= —0.0411. The appearance of the spontaneous polari-
zation at —150° C is accompanied by the linear electro-
optical effect because before the transition, in the para-
electric modification, the crystal is piezoelectric.
Consequently, the optical indicatrix of the crystal
transforms from an ellipsoid of revolution to a triaxial
ellipsoid by compression and expansion of the ellipsoid
of revolution along two mutually perpendicular direc-
tions, [110] and [110]. This deformation of the optical
indicatrix takes place simultaneously with a shear
deformation of the crystal in the (001) plane and a
dilation (compression) along the directions [110] and

[110). The temperature dependence of the increment

in the double refraction, due to the spontaneous polar-
ization, is plotted in Fig. 7. This increment is super-
imposed on the double refraction mentioned above.
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FIG. 7. Spontaneous change in the double refraction of a KH,PO,

crystal. 1) A crystal polarized ‘‘upward®’ by a field of +3000 V/cm;
2) crystal polarized ‘‘downward’’ by a field of ~3000 V/cm; 3)
curve, obtained by averaging the values for curves 1 and 2, identi-
cal with the curve for an open-circuited crystal (according to
Zwicker and Scherer [*2]).

In accordance with Eq. (12) and Table I, the sponta-

neous increment in the polarization constant ag of

KH;PO, due to the linear electro-optical effect can be
found from the expression

ag=(mg;+ pesgse) Ps (23)
or from the expression in terms of the refractive
indices:

1 1 )
,Tiz",l—%=(m:3-fpsagas) Py, (24)

where the primed refractive index represents the new
value of the index after the phase transition to the
ferroelectric region. The value of the coefficient mg,
can be found from the above equation provided the




ELECTRO-OPTICAL EFFECTS IN CRYSTALS

value of the refractive index nj is known (we may
assume that pgg = ~2 X 10 2cgs esu, gy = 5% 1077 cgs
esu). Figure 7 allows us to calculate the value of this
coefficient. In fact, curves 1 and 2 in Fig. 7 represent:
1) an increase in the double refraction, which is the
difference between the highest refractive index n{

= (ny + @) and the index ng; 2) a reduction in the double
refraction, which in this case is the difference between
the reduced refractive index ny = (n; — «) and the index
ns (@ represents the change in the refractive indices
ny = ny due to the spontaneous polarization; under
experimental conditions, a change in the direction of
the field orienting the domains leads to changes in
these differences, because a change in the direction

of polarization of the domains transforms the long
axes of the optical indicatrix into short axes, and
conversely). Thus, we find from Fig. 7 that at 100°K

ny -+ 0 — n,— An = 85,5893 1075,

n—a—n;—An= —120.5893.1078, (25)

Assuming that An = —0.0411, we obtain from Eq. (25)
n{ =n; +a = 1.5155, ny =n; — & = 1.5035, nj = 1.4694.
Substituting now in Eq. (24) the values n{ = 1.5155, *
Py =4x 10° cgs esu (from Fig. 8), we find that mgg

= —2.43x 1077, which gives mdy = —2.33 x 107" cgs
esu. The relationship between the value of mgy and
the product pgegss shows that 96% of the electro-optical
coefficient of KHyPOy at the phase transition repre-
sents the true linear electro-optical effect and 4%
represents the false electro-optical effect caused by
the piezo-optical effect resulting from the converse
piezoelectric effect.
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FIG. 8. Temperature dependence of the spontaneous polariza-

tion and of the spontaneous shift for KH,PO, (according to Arx and
Bantle [°®]).

If we assume that the coefficient m¢y is approxi-
mately the same for the ferroelectric and paraelectric
modifications, then, using its value given above, we
can estimate the electro-optical coefficient rg; of KDP.

*It should be remembered that when the temperature of a crystal
is altered, only some of the changes are due to changes in the
spontaneous polarization (i.e., not all these changes represent the
spontaneous electro-optical effect). When the temperature is varied,
the optical properties change also due to the thermal expansion of
the crystal (which is known as the ‘‘thermo-optical effect’’ [*7:°*]).
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Assuming that the polarizability of KDP at room tem-
perature is o = 1.67 (€ = 22), we obtain

res= —40.6-10-% cgs esu.

A number of investigations have been published on
the measurements of the electro-optical effect
‘‘induced’’ by an external electric field in KDP crys-
tals. The value of the coefficient rg; can be determined
experimentally using the method described in Sec. 3
or by other methods.

In particular, the value of this coefficient was
found by investigating the ‘‘longitudinal’’ (light and
field along the z axis) and the ‘‘transverse’’ (field
along z axis and light along [110] or |110]) electro-
optical effects in KDP. B32) The use of the equation for
the optical indicatrix with the field along the z axis
(which is denoted by the index 3) of this class of
crystal

z'? 2 Ly 2 z2
o (1 -+ reamiEy) + Nl (1 —reiEy) +— =1

3

(26)

leads (in the ‘‘longitudinal’’ effect case) to the expres-
sion

Ny — Ry 2= 08rg; B3,

(27)

from which we can calculate the value of rg, if we
know the value of the double refraction produced by
the field and the value of the refractive index nq

(Fig. 9a). Similar relationships are obtained also for
the ‘‘transverse’’ effect (Fig. 9b):

1
n,—ne 2= {ng—n,) +5 13rosEs,

(28)

1
n.—ny =2 (ny— ) — 5 WirglEs.

The considerable departure from the linear rela-
tionship between the relative increment in the double
refraction and the field, observed in the transverse
effect near the Curic temperature, is duc to the
quadratic electro-optical effect and is caused by a
change in the coefficient ny. In fact, the coefficient ng,
may vary, in the field Ej, only as the square of this
field lef. Eq. (35) below]. At temperatures far from
T, the variation of n, is weak and the linear relation-
ship between 6(ngx’ — nz)/A and Ej is governed mainly
by the linear effect, which is the variation of nys in
direct proportion to the field.

The calculated values of ry, obtained from the
measurements of the ‘‘longitudinal’’ and ‘‘transverse’’
effects, coincide when plotted as a function of tempera-
ture (Fig. 10). It follows from Fig. 10 that the coeffi-
cient rg3 obeys the Curie—Weiss law above T and has
an anomalously large value at the transition point. The
anomalies in rgy follow the anomalies in €, and are the
direct consequence of the anomalies in €.. It then
follows directly that the electronic polarizability of
KDP crystals varies with temperature in the same way
as the total polarizability, which represents the sum
effect of all the mechanisms,
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FIG. 10. Temperature dependence of the electro-optical coeffici-
ent ty, of KH,PO, and KD,PO, crystals above the Curie point (ac-
cording to Zwicker and Scherer [*2]).

The numerous measurements of the coefficient rgy
of KDP, including the values given in Fig. 10, produce
the following room-temperature value of rg;:

re;=—230-10"% cgs esu,

which is in satisfactory agreement with the value of
Ty, given above, estimated from the coefficient mg;
at the phase-transition point.

When low-frequency alternating electric fields are
applied to a crystal, the ‘‘free-crystal’’ conditions are
obtained (the coefficient r is determined). At frequen-
cies higher than the resonance frequency of the sample,
the deformation is unable to follow the field and the
crystal ceases to be mechanically free. In this case,
the crystal exhibits the true electro-optical effect, de-
scribed by the coefficient r*. Thus, by measuring the
electro—optiéal effect at a low frequency and at a fre-
quency higher than the piezoelectric resonance fre-
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FIG. 9. Dependence of the relative change in the
double refraction of a KDP crystal on the field inten-
sity E, at various temperatures above the Curie point
(according to Zwicker and Scherer [*2]).
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quency, we can determine the difference between the
total and the true effects. This difference can also be
found by calculation, using the following equations
fcf. Egs. (11) and (12)]: *
Tijp— ’1:;'!: = Pijim Qim, (29)
Tijh—Tijh = T jim Chim
(where d and e are the piezoelectric coefficients).

The relationship between the total and true electro-
optical effects corresponds to the relationship between
the polarizabilities of ‘‘free’ and ‘‘clamped’’ crystals.
In turn, the latter relationship represents the electro-
mechanical coupling in a crystal: other conditions
being equal, the false electro-optical effect is greater
in a crystal which has a larger electromechanical
coupling coefficient k.

The permittivity € of KDP (and ADP) crystals is
independent of the frequency up to = 1010 cps. We may
expect, therefore, that the electro-optical coefficients
of these crystals are also independent of the frequency
up to wavelengths in the centimeter range.

The electro-optical coefficients, in accordance with
their definition, should depend on the wavelength of
light to the same extent as the refractive indices
(polarization constants). Thus, in general, the electro-
optical coefficients should exhibit dispersion. Figure
11 shows the dispersion of the coefficients ry3 of KDP
and ADP crystals.

All that has just been said about the electro-optical
effect in ferroelectrics applies to single-domain crys-
tals. In the case of KDP (and other) crystals, the
presence of domains complicates the electro-optical
phenomena. Thus, in KDP, the appearance of the spon-
taneous polarization along the z axis produces domains
of opposite orientation; the elliptical cross sections of
the optical indicatrices of oppositely oriented domains

*Similarly, we can find the difference between the total and true
electro-optical effects using the coefficients mjjy.
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FIG. 11. Dispersion of the electro-optical coefficient ry; of ADP
and KDP crystals (according to Blokh [*°]).

in a (001) plane of a crystal are rotated by 90° with
respect to one another. The application of an electric
field along the z axis orients all the domains along the
same direction; the re-orientation of the domains
alters the sign of the electro-optical coefficients in
the sense that the formerly long axis of the optical
indicatrix becomes its short axis: assuming one of
these axes to be x’ and an axis perpendicular to it to
be y’, we shall then have a change in the sign of the
difference (ng’ — n,). The dependence of the double
refraction on the field in the ferroelectric region has
the form of hysteresis loops, similar to the dielectric
hysteresis loops.

The values of the electro-optical coefficient ryy of
KDP and the values of the coefficients ryj of several
other isomorphous ferroelectrics are listed in
Table IV, (12,523

Rochelle salt (like KDP) is an interesting crystal
from the point of view of the electro-optical effect.

Above its upper Curie point (+24° C), Rochelle salt
is orthorhombic and optically biaxial; its refractive
indices are: n; = ng = 1.4954, ny = n, = 1.4920, ny
=1, = 1.4900. The optical axes are in the (010) plane
and the bisectrix of the acute angle between the optical
axes (which is 69°40') is the a axis. The appearance
of the spontaneous polarization at the Curie point
makes Rochelle salt monoclinic (dihedral axial class

111

Cy). In accordance with the symmetry of the paraelec-
tric modification (class V in Table I), the optical
indicatrix of Rochelle salt (or, more exactly, the indi-
catrix of a domain) is rotated by an angle « about the
a axis due to the spontaneous linear electro-optical
effect. The relationship between the angle « and the
value of the spontaneous polarization, expressed in
terms of the electro-optical coefficient, can be found
from the indicatrix equation

2 2 22
:f —{-%—}—E—{—Zmﬂpsr% =1, (30)
from which it follows that
- ZmMP;
tan 2(1#——1 f , (31)

n¢ n}

or, bearing in mind the smallness of the angle, we can
use the relationship

my Py
Lt
n n3
Assuming that, near 0°C, a = 0.8 (Fig. 12), Pg= 7.5
x 102 cgs esu (Fig. 13), and that the refractive indices
ny and ng vary slightly in the investigated range of
temperatures (see below), we obtain my; = 0.224
x 107" cgs esu, which is almost one order of magnitude
smaller than the analogous coefficient mgs of KH,PO,.
The value of my; is determined here using the
experimental value of the angle of rotation of the
indicatrix. This angle is due to the true linear effect
and to the piezo-optical effect, caused by the converse
piezoelectric effect {shear of a crystal in a (100)
plane]l. The relationship between the true and false
effects may be found by comparing the value of my,
=0.224 x 1077 cgs esu with the value of the product
Pugy4 lef. Eq. (12)]. Assuming that py = 0.009 and gy
= 6.7 % 107 cgs esu, we obtain Pasgyy = 0.6 x 10 8cgs
esu, from which it follows that the false effect in
Rochelle salt represents about 27% of the true effect.
Assuming that the permittivity of Rochelle salt at

o=

(32)

Table IV. Electro-optical coeificients of some ferroelectrics

Crystal Symmetry
|
1. KH,PO, (KDP) Va
2. KD;PO, Va
3. KHyAsO, Vg
4. RbH,PO, Va
5. KNaC H,04-4H50 14
(Rochelle salt)
6. BaTiOj (tetragonal Cip
modification)
7. NH,H,PO, (ADP) Vg
8. NH,HyAsO, Va

| Voltages nec-
essary to pro=
B . duce path
:11 :"” difference A/2
X 10 cgsesu|X10 cgsesul(A h 5461 A),
kV
re3=—30 Imgy=—24.3 ~8
r =26
rez=—10 3.4
rg3=—39 6.2
rez= —33 7.3
ry=—"5
rsg=—>5.1 [my=2.24
re3—=0.95
mz3=—18.7
rea=—25 ~10
r =262
rez=— —19 13
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FIG. 12. Temperature dependence of the angle between the ex-
tinction positions of neighboring domains in an a-cut plate of Ro-
chelle salt crystal (according to Indenbom and Chernysheva [*°]).
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FIG. 13. Temperature dependence of the spontaneous polariza-
tion of Rochelle salt (according to Hablutzel [*']). 1) Ordinary

Rochelle salt; 2) deuterated salt.

t =0°C is €5 = 130, we can estimate the value of the
coefficient r,y from the coefficient myy: *

ry=22.4-10"% cgs esu.

This value is over three times as large as the experi-
mental value [ 37745 (cf. Table IV), determined at
room temperature. In this connection, we may mention
that the estimates of the coefficients my; and r,; given
above are only rough and that the experimental values
of the electro-optical coefficients differ widely from
sample to sample.

In the paraelectric modification (above —124°C),
NH,H,PO, (ADP) exhibits electrical properties similar
to those of KHyPO, (KDP). A comparison of the prop-
erties of these two crystals is given in Table IV.

As the temperature of the antiferroelectric phase
transition is approached, the electro-optical coefficient
rg; of a free ADP crystal increases in accordance with
the Curie-Weiss law. In spite of the fact that this tem-
perature is relatively low, rg; has a very high value.
According to some investigators, the false (‘‘piezo-
electric’’) electro-optical effect in ADP is quite large
and represents more than one third of the total effect
(at 20° C).DO] The remarkably high value of the coeffi-

€a

*ray = e My,

S. ZHELUDEV

cient ry (at room temperature) indicates a strong
electronic polarizability of these crystals.

The appearance of the spontaneous antipolarization
in NH,H,PO, makes this crystal (or its domains)
optically biaxial. In accordance with the linear electro-
optical tensor for crystals of the V4 class (Table I),
the spontaneous antipolarization is accompanied by the
spontaneous linear electro-optical effect.

6. QUADRATIC ELECTRO-OPTICAL EFFECT

The quadratic electro-optical effect of centrosym-
metric crystals is of great interest since the linear
electro-optical effect is absent in such crystals and
the quadratic effect exists in its ‘‘pure’’ form unmasked
by the linear effect (which is stronger than the quad-
ratic).

The electro-optical effect is relatively strong in
some ferroelectric crystals in the paraelectric centro-
symmetric region near the Curie temperature. This
applies primarily to ferroelectrics with the oxygen-
octahedral structure, 46]

The refractive index ne = ng of barium titanate
changes suddenly near the Curie point (120°C). This
index, which is approximately 2.42 in the cubic modi-
fication, suddenly assumes a value of about 2.38 after
the transition. At room temperature, n, = 2.35 and,
therefore, the tetragonal modification of BaTiO; is
optically negative (4n = n, — ng < 0). The refractive
indices n; = n, = ny = np, of the cubic and tetragonal
modifications are practically independent of tempera-
ture. This is illustrated clearly by the temperature
dependence of the double refraction of BaTiO; crystals
given in Fig. 6.

The change in the optical properties when the spon-
taneous polarization appears may be called the sponta-
neous electro-optical effect. Since BaTiOj; is not
piezoelectric in the paraelectric modification, the
electro-optical effect at the Curie point is not quadratic.
In accordance with Eq. (15), the increment arising in
the polarization coefficient La; when the polarization
appears along the c axis (which is denoted by the
index 3), will be written in the form

Aay= (]W;,, + DPsmQms) P:.

(33)

Using the relationship

1
and assuming that at the Curie point nj = 2.38,
ng = 2.42 (&n = —0.04), P3 =54 X 10° cgs esu, we find
that the quantity in parentheses in Eq. (33) is equal to
1.88 x 1072 cgs esu. The first term in the parentheses,
i.e., the quantity M*, describes the true quadratic
electro-optical effect, and the second term gives the
correction to this effect due to the electrostriction of
the crystal. Using the values “% Quy(= Qyy = Qup)
=1.17% 1072 cgs esu, Q, = Q43 = — 0.53 X 1071 ¢gs
esu and assuming that the piezo-optical coefficients
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Psm are (as in the majority of ionic crystals) equal to
~ 10‘1, we can estimate the second term in the paren-
theses to be ~107!* cgs esu. This allows us to deduce
that MJ§ = 1.87 x 107'2 cgs esu. This value may be used
also to describe the quadratic electro-optical effect of
BaTiO; in the paraelectric modification above the
Curie temperature (Mg &~ M3).

Thus, at the Curie point, barium titanate exhibits
the quadratic electro-optical effect, 99% of which is
the true effect and 1% is the false effect. The coeffi-
cient Mas, which is related to the polarization, is prac-
tically independent of temperature and approximately
the same in the paraelectric and ferroelectric regions.
However, the coefficient L, which is related to the
field intensity E, increases in accordance with the
Curie—Weiss law when € increases as the Curie point
is approached. The published experimental value of
the difference Mgz — Mgy (Mgs = Myy = Myy) for BaTiO,
is listed in Table V. [48]

High values of the quadratic electro-optical coeffi-
cients Mpq have been found for the paraelectric modifi-

cation of KTaO; (T¢ = 1°K) in the temperature range
2—77°K, for SrTiO; in the temperature range 4—300°K,
and for KTa; 45Nbg.3505 (KTN) in the temperature range
285—310°K (T = 283°K). The information on these
coefficients is also given in Table V. The electro-
optical properties have also been found in LiNbO,
crystals. 1

The deformation of the optical indicatrix along the
direction of the spontaneous polarization in KDP is
solely due to the quadratic electro-optical effect (the
electro-optical coefficient mgg of the Vg class crystals
is equal to zero; cf. Table I). We shall estimate the
value of the spontaneous quadratic electro-optical
coefficient for the same direction using Eq. (15)

Aay= (M} 4 P3,Qps) P, (34)

which is written in terms of the refractive indices as
follows

1 1

3 :(M;3+P3m0m3) Pé- (35)
3

g™ H

Table V. Coefficients of the quadratic electro-
optical effect for some ferroelectrics

Sym- Refrac- i

Crystal mZtry tive | Mx 10" cgs esu !

index | :

] H
i 1. BaTiO; O 2,42 My3=:1.88 |
My—Mp=1.4% |

2. SrTi0; O 2,38 | My—Mp=1.55 ‘
3. KTaOy4 O 2.24 | Myy—Mp=1,77 |
My, =1.33 "

4. KTag,g5Nbp,3503 Op 2,29 | My —Mp=1.93
My=1.5 |

Mp=0,43 !

My,=1.83 |

5. KH,PO, Vg Myz=-2386
6. KNaC,H,04-4H,0 v My ==—1500]
(Rochelle salt) |

|

L
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Assuming, in accordance with the data given above,
that Pg = 14 X 10° cgs esu (T = 100°K), ng = 1.4694,
ny=1.4684, p=-2.0x107%, Q = 4.3x 1072 cgs esu,
we can estimate the coefficient Ms; for KDP:

My = —2.86-10"12 cgs esu,

97% of this value represents the true effect and 3%
represents the false effect.

A comparison of the coefficients Mz for KDP and
BaTiO; shows that in the case of KDP the value of this
coefficient is about one and a half times greater than
that for BaTiO;. We should also mention the fact that
BaTiO; has an exceptionally high refractive index. The
spontaneous polarization of this crystal obviously
brings its electronic polarizability to a state close to
saturation. This explains precisely why the optical
dielectric polarizability of the tetragonal BaTiOs is
lower along the spontaneous polarization direction
than at right angles to it. The refractive indices of
KH,PO, are small. The spontaneous polarization in
that crystal does not saturate the electronic polariza-
bility (at least along the ¢ axis direction) which is
responsible for the higher (compared with BaTiOs)
value of the coefficient of M}, of KHyPO;.

As in the case of KHy,POy, the electro-optical effect
along the spontaneous polarization direction in
Rochelle salt is quadratic. The value of the coefficient
My, for this effect is found from Eq. (15)

Aai:(ﬂl?+P1mQr'11)P§ m=1,2... 6) (36
1 )

or, which is equivalent, from the following equation

=g = (M3 PunQu) P

It is known that, in the range of temperatures consid-
ered (0—30° C), the coefficient n; of Rochelle salt
varies linearly as the temperature rises and that the
change in this coefficient in the stated range of tem-
peratures amounts to about 0.0014. This allows us to
estimate the value of the expression in parentheses in
Eq. (36), which is =1.5x 10°? ¢cgs esu. Since the
product PymQm; is of the order of 10‘13, it follows
that the former value can be assumed to be equal to
the true quadratic electro-optical coefficient Mj;
=1.5%x 107 cgs esu. It is very important that this
coefficient is three orders of magnitude greater than
the corresponding coefficients of BaTiO; and KH,POy,.
It indicates the exceptionally ‘‘unsaturated’’ nature of
the electronic polarizability of Rochelle salt crystals
along the ferroelectric axis.

The ‘‘induced’’ (by an external field) electro-
optical effect in Rochelle salt has been investigated in
detail. The results of the investigation of this effect,
represented by an increment in the relative double re-
fraction o(nyg — ny)/‘A, are given in Fig. 14a for Ro-
chelle salt above its upper Curie point (symmetry V,
here the linear effect, representing this increment, is
absent because ry; = ry( = 0).
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Figure 14b shows an increment in the relative dif-
ference of the refractive indices ny and ny of Rochelle
salt under the action of a field Ex in the ferroelectric
region, below the upper Curie point. It is evident from
Fig. 14b that this difference between the indices is a
quadratic function of the field. This quadratic depend-
ence can be understood as follows. Below its Curie
point, Rochelle salt exhibits the linear effect (domains
of the Cy symmetry have non-zero electro-optical
coefficients ry; and ry;), as well as the quadratic
effect. Due to the presence of the quadratic effect, the
relationship between the quantity é(nx — ny)/A and the
field departs from linearity. The contribution of the
quadratic effect, in accordance with its definition,
should not change sign when the field is reversed.

The contribution of the linear effect behaves as if it
were the quadratic-effect contribution because, when
the external field direction is altered, the domains

are reoriented but the nature of the distortion in the
optical indicatrix by the field remains the same. This
feature of the linear effect, associated with the domain
re-orientation, is similar to the behavior of the piezo-
electric effect in a polydomain crystal which makes the
piezoelectric effect appear as if it were the electro-
striction.

A comparison of the changes in the refractive
indices with the value of the spontaneous polarization
of ammonium sulfate (NH,),SO, Lse gives a large value
(as in the case of Rochelle salt) of the coefficient Mg
=1.9x 107° cgs esu.

7. PRACTICAL APPLICATIONS OF THE ELECTRO-
OPTICAL PROPERTIES OF CRYSTALS

Electro-optical devices are finding an increasing
range of applications. Thus, for example, light modu-~
lators are used in optical range-finders, optical
communication, laser radiation modulation, sound re-
cording on cine film, image reproduction (color tele-
vision, phototelegraphy, electron microscopy), and
automatic polarimeters.

Electro-optical shutters are used in photography
and in high-speed cinematography, as well as in
phototelegraphy. Electro-optical transducers are em-
ployed in tunable narrow-band interference-polariza-
tion filters, in devices used to measure high voltages,

and in optical elements of computers. We shall con-
sider briefly some of these applications.

a) High-Frequency Modulation of Light

With the recent development of quantum electronics,
there has been an increased interest in devices capable
of the microwave modulation of light. KDP, ADP,
quartz and BaTiO; (cubic modification) electro-optical
crystals are used at present in the high-frequency
modulation of light. Measurements show that € of
ADP crystals does not change up to 3.6 x 10! cps. Bt
We may expect, therefore, that ADP crystals (and
probably KDP) can be used to modulate light up to
these frequencies and above.

So far, modulation has been achleved at frequencies
of the order of 10° cps. M%) At these frequencies,
the electro-optical elements work under the piezoelec-
tric ‘‘clamped’’ conditions (above the resonance fre-
quency). In this case, the modulation is solely due to
the true effect and, therefore, the 100% modulation re-
quires voltages higher than those needed at frequencies
below resonance. Thus, at A = 550 mu, a voltage of
14.8 kV must be applied to an ADP crystal and 8.5 kV
to a KDP crystal, while at low frequencies 9.3 and
7.7 kV, respectively, are needed.

Quartz modulators work effectively under resonance
conditions. Some quartz devices give 90% modulation
in a field of 100 V using 1.8 W. Quartz modulators
are used mostly in optical range-finders. La1 5]

Cubic crystals (CuCl, ZnS and others), which show
promise as light modulators, allow the use of wide-
angle light beams. BaTiO; single crystals can be
used as effective electro-optical shutters, using the
quadratic electro-optical effect above the Curie tem-
perature (+120°C). At 125° C, a path difference of A/2
(maximum transparency) may be obtained by applying
only 150 V to a BaTiO; crystal, [46]

b) Recording of Sound!53-54}

One of the currently used methods for the recording
of sound on motion-picture film employs a Kerr cell
filled with nitrobenzene. However, the use of Kerr
cells presents a number of difficulties, which can be
avoided if crystalline modulators are employed.

Figure 15 shows the optical system of a device
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FIG. 15. Schematic representation of an electro-optical modu-
lator for light. 1) Lamp filament; 2) condenser lens; 3) slit; 4) col-
limator; 5) cell consisting of a A\/4 mica plate and an ADP crystal,
placed between crossed film polaroids; 6) focusing lens; 7) cine
film.

used to record sound on film. A monochromatic par-
allel beam passes through an ADP cell andis focused
on the film. When an electric field is applied to the
crystal, the slit shielding the central part of the cono-
scopic pattern becomes transparent. By applying an
audio-frequency voltage to the crystal, we can record
sound on film.

The same principle is used to measure high voltages.

In this case, the value of the voltage applied to a crys-
tal is determined from the value of the angle of com-
pensation, i.e., the angle of rotation of an analyzer
needed to compensate the transparency of the crystal
induced by the field.

¢) Narrow-Band Interference-Polarization
Light Filters 5%

The action of interference-polarization light filters
is based on the interference of polarized light when it
passes through an anisotropic crystal. The light,
linearly polarized at an angle of 45° to the principal
axes of the optical indicatrix, is split into two beams
which emerge from the crystal having a certain path
difference. If the light is now passed through an
analyzer, which is oriented in parallel with a polarizer,
the two beams will interfere. If white light is passed
through such a system, the spectrum of the emergent
light will consist of correctly alternating bright and
dark bands.

The interval between the nearest bright bands is
inversely proportional to the thickness of the crystal
plate. If a system consists of a number of plates whose
thicknesses are in the ratio 1:2:4, etc., the spectra
produced by each plate will be superimposed and the
result will be a spectrum consisting of a series of
widely separated bands, each of which can be selected
by an ordinary filter.

The separation between the bands will be equal to
the distance between the transmission maxima of the
the thinnest crystal; the width of the bands will be
equal to half the width of the transmission maximum
of the thinnest element.

A tunable filter is also based on the variation of the
plate thickness in the ratio 1:2:4, i.e., path differences
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FIG. 16. Schematic representation of an electrically tuned inter-
ference-polarization filter used to shift the pass band to one of
four discrete wavelengths. 1) Polaroids; 2) quartz plates; 3) ADP
plates.

are varied in accordance with this ratio. In tunable
filters, this is achieved by regulating the voltage
across electro-optical crystals.

Figure 16 shows a tunable filter, consisting of
quartz plates whose thicknesses are in the ratio
1:2:4, giving fixed transmission bands. The introduc-
tion of ADP plates into the system allows us to shift
and change the pass band of the filter by applying an
electric field to these plates. The pass band width
may be varied from a fraction of an angstrom to sev-
eral hundreds of angstroms. Moreover, the pass band
may be shifted into any desired region. Tunable light
filters can obviously be used for the frequency modula-
tion of light.

Additional literature on the applications of electro-
optical devices is given in the reviews la, 71
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