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ON THE POSSIBILITY OF MEASUREMENTS OF
NONLINEAR ELECTROOPTIC EFFECTS IN 432
SYMMETRY CRYSTALS

It is shown that despite the fact that in 432 point group crystals
the linear electrooptic effect is vetoed by symmetry there are
configurations for which the third-order effect may appear. The results
obtained indicate that the 432 crystals are promising media for
measurements of nonlinear electrooptic effects. Macroscopic
description of nonlinear electrooptic phenomena in the crystals is
presented and the matrices of tensors representing the effects up to the
fifth-order are given.
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1. INTRODUCTION

Experimental results have been published for a variety of electrooptic
crystals. Among them several results comprising fourth-order electrooptic
phenomena have been presented. However, in respect of the nonlinear
electrooptic effects a large spread is observed in the relevant coefficients
of a given crystal (see, e.g. [1, 2]).

Theoretical description of the macroscopic conditions for measurements
of the fourth-order electrooptic effect have been presented in Refs. [3, 4].
Moreover, some theoretical results related to the fifth-order effect have been
reported [5]. Recently, some configurations allowing for measurements of the
third-order (cubic) or higher-orders electrooptic phenomena have been indicated
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[6, 7]. However, up to now, configurations allowing for measurements of the
third-order effect in 432 symmetry crystals have not been considered.

The nonlinear susceptibilities responsible for electrooptic effects originate
from two sources. The first one is the lattice contribution resulting from the
interaction of the applied electric field with the crystal lattice, which in turn
changes the electronic polarizability. The second one is a purely electronic term
in which the electronic polarizability is directly altered by the applied field (see,
e.g. [8]). The lattice contribution is responsible, for example, for the first- and
second-order Raman scattering, hyper-Raman scattering and the optical
rectification. The purely electronic term contributes, for example, to second- and
third-harmonic generation, electric-field-induced first-order Raman scattering,
the waves mixing and nonlinear refractive index. Investigations of the
electrooptic phenomena complement the data obtained in research on nonlinear
optics, electrical and optico-electrical phenomena. The fact that the electrooptic
effects have the same origin as numerous physical phenomena covering the wide
field of the solid state physics, nonlinear optics and spectroscopy is the reason
that its experimental and theoretical investigations are of great interest.

Traditionally, in a field free principal axes system, electrooptic coefficients
are defined as terms in a power-series expansion in the low-frequency electric
field E of the optical frequency impermeability tensor 77,(®). The coefficients of
the electrooptic effects are partial derivatives of the components of the
impermeability tensor in relation to n components of the electrical field (see,

e.g. [9-11]). The tensor Kijkl...kf that represents the electrooptic effect of the
order fis given by

1 o', ()
ijky ok p f! aEkl"'Ekf

The tensor K K is symmetrical in relation to the first pair of indices (i,j) and

the other indices (k;, ks, ...k¢). The first property is the consequence of the
symmetry of the impermeability tensor; the second is due to the symmetry

of multivector E,, E,, ...E;. The tensor Kijkl...kf related to the f-th-order

electrooptic effect constitutes the tensor of n = f + 2 rank with the internal
symmetry [VZ] [Vf].

According to a fundamental postulate of crystal physics, known as
Neumann's Principle, the symmetry of any physical property of a crystal must
include the symmetry elements of the point group of the crystal [12]. The effect

ey
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of crystal symmetry on physical properties represented by tensors, results in
changes in matrices of the tensors. Any element of a point symmetry group may
reduce the number of independent and non-zero components. For example, no
physical property that is represented by an odd rank tensor can appear in a
centrosymmetric crystal. This means that all components of the tensor are equal
to zero. The opposite statement, however: in a noncentrosymmetric crystal any
property represented by an odd rank tensor may appear does not have to hold
true. Nevertheless, the fact that the above statement is nearly always true leads
sometimes to mistakes. Good examples of such a case are the converse
piezoelectric and the linear electrooptic effects which are represented by the
tensor of internal symmetry [V?]V. Despite the fact that the 432 symmetry
crystals lack the inversion symmetry, the other symmetry elements make all the
components of the tensor [V*]V equal to zero.

The fact that in the 432 symmetry crystals the linear electrooptic effect is
vetoed by the symmetry suggests that the crystals are promising media for
attempts to measure higher-order electrooptic effects that hitherto have not been
observed. This is of special interest as measurements of nonlinear electrooptic
effects may be affected by a contribution of the linear response. It has been
shown that even in configurations theoretically forbidding the linear
contribution, unavoidable experimental disorientations, not perfect quality of
crystals, or an angular divergence of light can lead to a situation when the
nonlinear response is observed on a background of the linear one or the linear
effect manifests as a nonlinear response [4, 13].

The aim of this work is to consider the existence of configurations which
allow for measurements of the third-order electrooptic effect in the 432
symmetry class crystals.

2. TENSORS REPRESENTING ELECTROOPTIC EFFECTS
OF VARIOUS ORDERS IN 432 SYMMETRY CRYSTALS

In this work the shortened, widely used, matrix notation is applied for the
symmetrical tensor of the second rank [12], namely;

j—u,
where: 11—1, 222, 3353, 23—4, 1355, 126 2)

Thus the shortened matrix notations for the electrooptic tensors of the linear,
quadratic, third-, fourth- and fifth-orders are, respectively,
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Vijk = Tuk »
8ijkl = ui >
Rijklm = Rykim (3)

Kijklmn = R ykimn »

Lijklmno = Lykimno -

To describe the electrooptic response of the 432 symmetry crystals the potential
tensor functions have been used. With the use of common invariants of the
symmetrical tensor of second rank and a vector obtained by Smith et al [14], the
function describing the dependence of the impermeability tensor up to the fifth
power of the electrical field for the 432 symmetry class was obtained. The
enumeration of the pertinent partial derivatives produced relations between non-
Zero components.

The numbers of independent components of the tensors agree with those
obtained by group theory [15]. The numbers were computed using the formula

n=—Yger x° (9). )

where F is the point group of a crystal containing symmetry elements g, N is the
order of the group F and the character of matrix transformation y°(g) is
expressed by [16]

x°(9) = Niprepx (g")x(g') ..x(g", (5)

where P is the group comprising a set of all such permutations for which the
internal symmetry is taken into account, N, is the order of the group P, (") is
the character of transformation representing the element symmetry g in the
vector representation of the group F, 1;...1; are the lengths of corresponding
cycles of permutations and the summation extends over all elements in P.

The results obtained for the matrices of tensors related to the electrooptic
phenomena up to the fifth-order are presented in Tables 1-5 showing indices of
the nonzero components of the tensors. The matrices of tensors representing the
linear and quadratic electrooptic effects agree of course with those widely
known from handbooks (see, e.g. Refs [9-12]). Nevertheless, for the sake of
clarity we remind them here. Moreover, the tensors representing the fourth-order
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electrooptic effect have been previously obtained for all symmetries [3]. These
are reminded for the 432 crystals in Table 4.

Table 1

The form of the tensor r, of the internal symmetry [V*][V] in the 432 symmetry class

(see, e.g. Refs [9-12])

The number of non-zero and independent
components

The components of the tensor

0,0

All vanish

Table 2

The form of the tensor g, of the internal symmetry [V?][V?] in the 432 symmetry class
(see, e.g. Refs [9-12]), the shortened matrix notation given in Eqs (2) and (3) is used

The number of non-zero and independent
components

The components of the tensor

12,3

11=22=33=g11
12=13=21=23=31=32=g,
44=55=66=g,

Table 3

The form of the tensor Ryum of the internal symmetry [V?][V’] in the 432 symmetry
class, this work, the shortened matrix notation given in Eqgs (2) and (3) is used

The number of non-zero and independent
components

The components of the tensor

6,1

4133 =-4122=5112 =
=-5233=6223=-6113=R

Table 4

The form of the tensor K uma Of the internal symmetry [V?][V*] in the 432 symmetry
class, compare Ref. [3], the shortened matrix notation given in Eqgs (2) and (3) is used

The number of non-zero and independent
components

The components of the tensor

27,6

11111 =22222 =33333 =K,
12233 =21133 =31122 =K,
12222 =23333 =31111 =
=13333 =21111=32222 =K;
11133 =11122 =22233 =
=21122=32233=31133=K,4
42223 =43332=51113 =
=53331=61112=62221 =K;s
41123 =52213 =63312 =K,
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Table 5
The form of the tensor L,umno Of the internal symmetry [VZ][V’] in the 432 symmetry
class, this work, the shortened matrix notation given in Eqs (2) and (3) is used

The number of non-zero and independent The components of the tensor
components

112223 =-112333 =212333 =

18,3 =-211123 =311123 =-312223 =L,
411122 =-411133 =522233 =

=-511112=611333=-622333 =L,
412222 =-413333 = 523333 =

=-511112=611113 =-622223 =L

3. DISCUSSION

As an example we consider the following direction of the electric field:
V2E = (E,0,E). The results presented in Tables 1-5 show that, considering the

terms up to the fifth power of the electric field, the new refractive indices are:

1/nf? = 1/nd + (g11 + g12)E* + (Ki + K3 + 6K,)E*

1/n% = 1/n2 + 291,E% + (K, + 2K3)E*
1/ng = 1/n5 + (g11 + g12)E* + (Ki + K3 + 6K,)E* (6)
1/nj2 = 3RE® — 5(L, + L3)E®
1/n* = 2944E? + 8K E*
1/ng¢ = —3RE® + 5(L, + L3)E®,

where n, is the field-free refractive index. With the exception of the factor 2
appearing twice in the second equation of the set labeled as Eq. (6), the other
numerical factors result from the symmetry of the multivector E;, E,, ...E. For
example, E\E;E; = E3EE; = E3E3E), thus in the fourth equation of the set the

term 3R appears. Eq. (6) shows that for the considered direction of the electric
field, the third-order electrooptic effect may be experimentally determined with




On the possibility of measurements of nonlinear electrooptic... 51

the light beam propagating along the X; or X; directions. The third-order
electrooptic effect is responsible for rotations of the optical indicatrix. The next
order electrooptic phenomenon responsible for the rotations is the fifth-order
effect.

Independently of classical measurements based on the light intensity
modulation, as an interesting note, we can add that the third-order coefficient R
may be experimentally determined from measurements of the electric-field-
induced change & in the azimuth of the fast wave. Considering the light beam
propagating, along the X; direction, the change in the azimuth is given by

3RE

tan (ZE) - lg11—912]

)

We have checked in our previous experiments that when an immersion liquid is
used, it is usually possible to apply to the crystal an electric field of amplitude
10° V/m. It is possible to read angles with an accuracy better than 0.5 degree.
Thus, Eq. (6) shows that, on the basis of Eq. (7), it would be relatively easy to
measure the third-order electrooptic effect larger than 10?* m*V~, provided that
the quadratic electrooptic coefficient of the crystal is known and comparable to
that found in the KH,PO, family crystals, i.e. of the order of magnitude
107°-10" m*V? [8]. It is interesting to note that for expected small magnitudes
of &, its changes may be observed on the fundamental frequency of the
modulating field, not on its third-harmonic.

4. CONCLUSIONS

The 432 symmetry crystals seem to be very promising in attempts to
measure the third- and fourth-order electrooptic effects. Unfortunately,
compounds of such symmetry are relatively rare.

REFERENCES

[1] Gorski P., Kucharczyk W., Phys. Stat. Sol. (a) 121 (1990) K243.

[2] Gérski P., Ledzion R., Kucharczyk W., Cryst. Res. Technol. 42 (2007) 613.

[3] Jamroz W., Karniewicz J., Kucharczyk W., J. Phys. D: Appl. Phys. 11 (1978).
2625.

[4] Gérski P., Kucharczyk W., Phys. Stat. Sol. (a) 103 (1987) K65.

[51 Kucharczyk W., Sci. Bull. Techn. Univ. Lodz, Phys. 8 (1985) 45.

[6] Melnichuk M., Wood L.T., J. Opt. Soc. Am. A 23 (2006) 1236.



52 W. Kucharczyk, P. Gorski, M. Izdebski, R. Ledzion

[71 Melnichuk M., Wood L.T., Phys. Rev. A 82 (2010) 13821.

[8] Gunning M.]J., Kucharczyk W., Raab R.E., J. Opt. Soc. Amer. B 18 (2001)
1092.

[91 Kaminow LP., An introduction to Electrooptic Devices (Academic Press, New
York, 1974).

[10] Yariv A., Yeh P., Optical Waves in Crystals, (John Wiley & Sons, Hoboken, 2003).

[11] Saleh B.E.A., Teich M.C., Fundamentals of Photonics (Wiley, Hoboken, 2007).

[12] Nye J.F., Physical Properties of Crystals (Clarendon Press, Oxford, 1985).

[13] Izdebski M., Kucharczyk W., Raab R.E., J. Opt. Soc. Amer. A 19 (2002) 1417.

[14] Smith G.F., Smith M.M., Rivlin R.S., Arch. Rational Mech. Anal. 12 (1963) 93.

[15] Bhagavantam S., Crystal Symmetry and Physical Properties (Academic Press,
London, 1966).

[16] Lyubarskii G.A., The Application of Group Theory in Physics (Pergamon, Oxford,
1960).

ANALIZA MOZLIWOSCI POMIARU NIELINIOWYCH
EFEKTOW ELEKTROOPTYCZNYCH W KRYSZTALACH
O SYMETRII 432

Streszczenie

Pokazano, Ze mimo eliminacji przez symetri¢ liniowego efektu
elektrooptycznego, w krysztatach o symetrii 432 istnieja konfiguracje, w ktérych
mozna spodziewa¢ si¢ wystapienia efektu trzeciego rzedu. Otrzymane wyniki
wskazuja, ze krysztaly o takiej symetrii sa obiecujacymi materiatami
dla pomiaréw nieliniowych efektéw elektrooptycznych. Przedstawiono
makroskopowy opis nieliniowych efektéw elektrooptycznych w krysztatach
o symetrii 432 facznie z zestawieniem postaci macierzy tensoroOw opisujacych
efekty elektrooptyczne do piatego rzgdu wiacznie.
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