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I. INTRODUCTION
Michael Faraday, in 1846 [l1], discovered to the surprise of

his contemporaries that a dc magnetic field affects directly the

optical properties of matter. He showed that, when polarized
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light traverses matter in a direction parallel to that of an

externally applied magnetic field, the polarization plane of the
light wave is rotated by an angle 6 proportional to the path 1
traversed in the layer of the substance and to the magnetic field

strength H:
8 = V(A)1H ()

V(A) denoting the magneto-optical rotation constant or Verdet
constant [2], dependent on the nature of the medium, the tempera-
ture, and wavelength X of the incident light.

By Fresnel's theory [3], plane-polarized (linearly polarized)
light has to be regarded as a superposition of two circularly
polarized waves of the same wavelength and amplitude. The rota-
tion of the plane of polarization is then due to a difference be-
tween the refractive indexes n, and n_ of the optically
activated medium for right and left circularly polarized waves, at
the circular frequency w = 2mnc/A. In Faraday's effect the optic-
ally inactive medium becomes active under the influence of the dc
magnetic field, and we can write the following relation for the

amount of magneto-optical rotation:

n -n = 2y =
- w

+ V(MH (2)

3 >

Optical activity, induced in matter by an externally applied
magnetic field, is to be distinguished from natural optical activ-
ity. The.latter is an intrinsic property of media as a result of
molecular, or crystalline, optical asymmetry.

If the light propagates at right angles to the magnetic field
(Voigt configuration [4]), the naturally isotropic medium -- as
was first shown by Majorana [5] in colloidal solutions and subse-
quently by Cotton and Mouton [6] in liquids -- becomes optically
birefringent with optical axis parallel to the direction of the

magnetic field. Similarly, to Kerr's effect, the amount of this
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magnetically induced birefringence is given by the difference be-
tween the refractive indexes for component light vibrations
parallel and perpendicular to the direction of the applied field
H:

2
ny o-n = AC(M)H (3)

where C(A) 1is the Cotton-Mouton constant specific to the medium,
its thermodynamical st&te, and the light wavelength.

One of the earliest theoretical explanations of magneto-
optical phenomena was proposed by Voigt [4] on the basis of
Lorentz's [7] electron theory of matter. Voigt interpreted
magnetically induced birefringence as due to the direct action of
the magnetic field on the electrons of atoms and molecules, which
undergo an anisotropic distortion proportional to the square of
the field strength H in accordance with the law (3). By

Voigt's theory, the absolute retardation ratio should be:
= +3 (3a)

whereas the majority of experiments led to Havelock's relation
[81:

- = (3b)

which results from Langevin's theory [9] of statistical molecular
orientation.

Magneto-optical phenomena are unremittingly under study and
have by now become the subject matter of monographs [10-17] and
numerous review articles [18-~23]. Work on the Faraday effect pro-
vides data on the influence of a linear (first power in H) mag-
netic field on atoms and molecules [24,25], macromolecules [26]
and biomacromolecules [27]. Magnetic anisotropies of molecules

and macromolecules, as well as their nonlinear magneto-optical
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properties, can be determined from Cotton-Mouton studies in rare-
fied gases [28], real gases and liquids [29], liquid molecular
solutions [30], polymer and biopolymer solutions [31], and
colloids [32].

Rapid progress in laboratory techniques has recently provided
us with new sources of light in the form of gas and crystal lasers
[33] and, concomitantly, with new methods of producing intense
pulsed magnetic fields [34]. Thus, conditions now favor the
search for new magneto-optical effects, arising under the simulta-
neous action of strong electric and magnetic fields, both static
and rapidly alternating. Such nonlinear magneto-electro-optical
effects, making apparent the direct and simultaneous action of
strong magnetic and electric fields on matter, can be observed in
molecular, macromolecular, and biological substances [35], and in
particular in semiconducting, magnetic, and metamagnetic materials
[36], crystalline bodies [14,37], and liquid crystals [38]. Among
the new nonlinear effects, we shall choose for discussion here the
inverse Faraday effect [39], the dc electric field effect on laser
beam induced changes in magneto-optical birefringence and rotation
[40]1, generation of laser light harmonics by magnetized bodies
[41,42] as well as generation processes and frequency mixing pro-
cesses in crossed electric and magnetic fields.

Strictly, the theory of magneto-optical phenomena would re-
quire a guantum-mechanical approach. However, since this article
is aimed éssentially at a concise presentation, or enumeration, of
new magneto-electro-optical effects (besides the already known
ones) and at pointing out the experimental conditions and materi-
als in which they can be detected, we shall be resorting to a sim-
pler, phenomenclogical treatment. It will moreover be our aim to
draw the reader's attention to the information to be gleaned from
these new effects with regard to the electro-magnetic properties

of molecules, macromolecules, and colloidal particles.
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II. LINEAR MAGNETOELECTRIC PROCESSES

The light refractive index n of an isotropic medium is
related to the latter's electric permittivity e(w) and magnetic
permittivity u(w) at a given circular frequency w by the well-

known Maxwell relation:

n2 = e(w)u(w) (4)

In naturally anisotropic bodies, the electric and magnetic proper-
ties are described by the second-rank tensors Eij and “ij’ de-

fined by the equations:

(¥, - 8..)E. (r,t) = 4P (r,t)
ij i3’ 3 = i'=
w m
(uij - 6ij)Hj (x,t) = 4P, (x,t) (5)

where we have applied the summation convention over the recurring
index 3 (running through the values Xx,y,z of axes of the
laboratory Cartesian reference system). aij is Kronecker's sym-
metric unit tensor.

The vectors of electric polarization g?(z,t) and magnetic
polarization Eﬁ(g,t) are in general functions of the electric
vector E(r,t) and magnetic vector H(r,t) of the electromagnet-
ic field of the light wave existing at the moment of time t and
space poin; r. In a first approximation, the relations between
these vectors are linear ones, and in a phenomenological treatment

we can write:

e ee em
= x5Sk, My 6
Pi(g,t) Xi]EJ (x,t) + Xl]H] (x,v) (6)
PN (r,t) = XRH, (£, t) + X CE. (r,t) - (7)
1 - 1) 1 — 1) J —

: . Sy sas mm
where xi? is the tensor of electric susceptibility and Xij
that of magnetic susceptibility of the medium. These tensors des-
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cribe linear processes of light refraction and propagation in
optically transparent media and media exhibiting fregquency
dispersion and spatial dispersion [37].

The axial tensor of cross susceptibility xi? describes the-
electric polarization (a polar vector) induced in the medium by a
magnetic field (an axial vector). This linear magneto-electric
effect has, as yet, not been observed successfully in molecular
substances [(10,43] but has been studied in piezoelectric paramag-
netic crystals [44] and, more recently, in metamagnetic ones [45].
The inverse effect, consisting in the induction of magnetic
polarization by an electric field, is described by the axial ten-
sor xT? of cross susceptibility (in particular, xi? = x?i).

The fundamental equations (5) are also applicable to isotro-
pic bodies, in which the respective anisotropies to be discussed

in subsequent subsections are induced by an external electric,

magnetic, or electromagnetic field.

IITI. QUADRATIC CROSS PROCESSES

In addition to the linear magneto-electric processes
occurring in electric magnetic fields of low intensity, we have to
consider nonlinear cross (or mixing) processes, caused by intense
fields. 1In particular, in a second approximation, we have to deal

with the electric polarization:

e eem
P = X, Bl 8
l(£lt) XleE] (£It)Hk(£lt) (8)
eem . . - .
where Xijk is a third-rank axial tensor describing nonlinear
magneto~electric susceptibility of the second order. This tensor

is of interest in that it possesses nonzero tensor elements in all

media, including the isotropic medium (see Table 1).



MAGNETOELECTRO-OPTICS 451

TABLE 1

The Number of Nonzero (N) and Independent (I)
Elements of Nonlinear Susceptibility Axial Tensors

Xijk' Xijkl' and Xijklm for Crystallographical Classes
eem eem eceem eeem eeeem eeeem
Xii)k X1ij1k Xk, Xijik,1 Xk, 1m X[ij1k,1,n
Class N I N I N I N I N I N I
1 (Cl) 27 18 18 9 81 54 54 27 243 162 162 81
1 (Ci) 27 18 18 9 0 [0} 0 0 243 162 162 81
m (Cs) 13 8 10 5 40 26 28 14 121 80 82 41
2 (C2) 13 8 10 5 41 28 26 13 121 80 82 41
2/m (C2h) 13 8 10 5 0 0 0 0 121 80 82 41
222 (D2) 6 3 6 3 21 15 12 6 60 39 42 21
mm2 (sz) 6 3 6 3 20 13 14 7 60 39 42 21
mmm (D2h) 3 3 0 0 0 ] 60 39 42 21
4 (C4) 11 4 10 3 39 14 26 7 119 40 82 21
4 (S4) 11 4 10 3 40 14 24 6 119 40 82 21
4/m (C4h) 11 4 10 3 0 0 0 0 119 40 82 21
422 (D4) 4 1 6 2 21 8 12 3 58 19 42 11
4mm (C4V) 1 6 2 18 6 14 4 58 19 42 11
42m (Dzd) 4 1 6 2 20 7 12 3 58 19 42 11
4 /mmm (D4h) 4 1 6 2 0 0 0 0 58 19 42 11
3 (C3) 19 6 10 3 71 18 42 9 231 54 146 27
3 (SG) 19 6 10 3 0 0 0 0 231 54 146 27
32 (D3) 8 2 6 2 37 10 20 4 114 26 74 14
3m (C3v) 8 2 6 2 34 8 22 5 114 26 74 14
3m (D3d) 8 2 6 2 0 0 0 0 114 26 74 14
6 (C6) 11 4 10 3 39 12 26 7 119 32 82 19
6 (C3h) 11 4 10 3 32 6 16 2 119 32 82 19
6/m (C6h) 11 4 10 3 0 0 0 0 119 32 82 19
622 (D6) 4 1 6 2 21 7 12 3 58 15 42 10
6mm (C6V) 4 1 6 2 18 5 14 4 58 15 42 10
6m2 (D3h) 4 1 6 2 16 3 8 1 58 15 42 10
4 1 6 2 0 0 0 0 58 15 42 10

6/mmm (D6h)
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TABLE 1 (continued)

eem eem eeem eeem eeeem eeeem

Gk Xradix Xk, 1 *rijlk,l Xk, Lo Xlijik,1,n
Class N I N I N I N I N I N I
23 (T) 6 1 6 1 21 S5 12 2 60 13 42 7
m3 (T,) 6 1 61 0 0 ©0 0 6 13 42 7
432 (0) 0 0 6 1 21 3 12 1 54 6 42 4
43m (1) 0 0 6 1 18 2 12 1 54 6 42 4
m3m (0, ) 0 0 61 0o 0 0 O 54 6 42 4
Y 0 0 6 1 21 2 12 1 54 3 42 3
v, ©o o 61 0 0o ©0 O 54 3 42 3
K 0 0 6 1 20 2 12 1 54 3 42 3
K 0o o 61 0 0 ©0 O 54 3 42 3

A. Magneto-Optical Effects

Assuming the magnetic field in Eg. (8) to be static, one
obtains with regard to (5) and (6) the following first-order vari-
ation in electric permittivity tensor measured at the frequency

w:

(1) _ eem
Begy’ @) = 4T, (0) (9)

ij
If the electromagnetic wave propagates in a direction paral-
lel to the ﬁagnetic field, assumed as acting along the =z axis
(Fig. 1), the nondiagonal tensor elements of (9) defining

Faraday's effect yield:
eem
Aexy(w) = Aeyx(w) = 4nxxyz(w)Hz(O) (9a)

Since, for diamagnetic media, we have in approximation [10]:

n o-n = —XL__ (10)
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FIG. 1. Idealized experimental setup for the study of
magneto-electro-optical phenomena. The probe light beam propa-
gates along the 2 axis and the molecular sample is located at
the origin. The dc magnetic field H is applied either at
Faraday configuration (along Z) or at Voigt configuration (along
X or Y). The dc electric field E can be applied perpendicular
to H (crossed fields), or parallel to H, or at any angle to
H.

we find that in the case under consideration Verdet's constant

given by Eg. (2):

V(A = ey iy (w) (2a)

is expressed by way of the magneto-electric susceptibility compo-
nent xeem(w).
Xyz
Recently, Ferguson and Romagnoli [46] proposed, on the basis
of the magneto-electric polarization (8) and a supplementary
polarization due to field gradients {47], a theory of transverse
and longitudinal nonlinear Kerr magneto-optic effect in ferromag-

netic metals.
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B. Inverse Faraday Effect

Besides the linear magnetization by an electric field, Eqg.
(7), which can take place only in bodies without a center of sym-
metry [16], we have to deal with magnetic polarization caused by

the square of an electric field [39]:

m mee

Po(x,t) = XijkEj (x,t)E, (z,t) (11)
where, if the electromagnetic wave propagates in the direction of
k (the wave vector), one has:

E(r,t) = E(w,k) exp {i(k * £ - wt)} + c.c. (12)

We hence see that, by Eq. (11), an isotropic or indeed any other
medium can undergo a magnetization not only by the square (second
power) of a dc or ac electric field but, essentially, by light of

intensity given by the tensor:

Ej(w)Ek(-w)

= 3
Ijk 5 (13)
We thus have for light beam-induced magnetization:
m mee
= 1
Pi(O) 2xijk(O)Ijk (11a)

Now, considering that circularly polarized light propagating

in the 2z direction has the amplitudes of right and left gyrating

vibrations:
(E. + iE )
E, = ——X (12a)
* 2

we obtain from Eg. (lla) the following magnetic polarization in-
duced in a nonabsorbing material in the light propagation direc-

tion [39]:

m n
PZ(O) == V()\)(I+ -I) (14)
27
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where the Verdet constant V(A) 1is defined by Eq. (2a), and I+,
I_ are intensities of right and left circularly polarized laser
light. The above expression describes the inverse Faraday effect
discovered by Pershan et al. [39] in diamagnetic and paramagnetic
bodies illuminated with strong circularly polarized laser light.
The theory of optical magnetization of bodies was developed
by Pershan et al. [39] in a phenomenological and quantum-
mechanical approach, and by Kielich [48] in a molecular-statisti-
cal approach for diamagnetic and paramagnetic liquids. To Atkins
and Miller [49] is due an extension of the quantum field theory of

the inverse and optical Faraday effects.

C. Second Harmonic Generation

The nonlinear magneto-electric polarization (8) in conjunction
with the field (12) involve, besides a constant component, a com—

ponent which varies with the double frequence 2w:
e eem ‘
Pi(zw' 25) = lek(zm’2]—<‘)Ej (MIE)Hk (wll_<_) (8a)

This polarization yields a magneto-electric contribution to second
harmonic generation (SHG) in isotropic bodies [42], particularly
metals [47], as well as to SHG at reflection from metals, semicon-

ductors [50], and isotropic media [51].

IV. CUBIC MAGNETO-OPTICAL PROCESSES

When considering polarization processes of the third order
induced by magnetic and electric fields, one comes upon a wide
variety of components; for the sake of simplicity, we shall res-

trict ourselves here to the following one:
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SCME, (x, t)E, (z, t)H) (£,t) (15)

e

where the fourth-rank axial tensor xi?i? describes the nonlinear

magneto-electric susceptibility of the third order. The nonzero
eeem
ijkl
calculated by Kielich and Zawodny [52] applying methods of group

and mutually independent elements of the tensor ¥ have been
theory [16,53], assuming in general the presence of spatial dis-

persion.

A. Second-Order Magneto-Optical Birefringence and Rotation

Let us assume, in Eq. (15), one of the electric fields to be
static likewise to the magnetic field. The second-order varia-
tions of the electric permittivity tensor aralyzed at the frequen-

cy w are now obtained in the form:

‘ )(m) = 4wxee§T(w K)E,_(0)H, (0) (16)

For a further discussion of this expression, it is convenient

to separate the axial tensor X??ET into a symmetric part

eeem _ eeem _ eeem and a ;rt eeem _ eeem _ _ eeem
Xiykr - Xik1 T X5ik1 P Xrij1kl ~ Xijk1 T TX§ikl
antisymmetric with respect to the indexes i and j (see Table
1). Thus, the difference between diagonal elements of the tensor

(16) is:

(2)

Ae () ) eeem
XX

(w) = 4n{x kl(m k)

eeem

yykl(w k)}E (O)H (0) (16a)

whereas the difference between nondiagonal elements is:

(2) ( ) eeem
AEXY (w) y (w) = 8ﬂx kl(w k)E (O)H (0) (16b)

Equations (16a) and (16b) describe, respectively, the optical

birefringence and optical rotation induced in a medium by the
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simultaneous action of a dc magnetic and electric field. When
proceeding to an experimental analysis of these equations, it is
necessary to take into consideration the mutual configuration of
the propagation direction of the analyzing light wave and the di-
rections in which the fields H(0) and E(0) are applied in the
setup chosen by the experimenter. Two limiting configurations can

be distinguished, namely:

1. Faraday's configuration, in which the light wave propagates in
a direction parallel to the magnetic field, and
2. Voigt's configuration, in which the light wave is directed at

right angles to the magnetic field.

On taking further into consideration the various feasible spatial
configurations of the dc electric field, one gets the set of
experimental situations listed in Table 2 permitting the observa-
tion of new nonlinear magneto-electro-optical effects in the vari-
ous crystallographical classes [54] as well as in isotropic

bodies composed of molecules without a center of symmetry, and
without planes of reflection symmetry [48,55]. Clearly, when
planning all the details of an experiment aimed at observing this
or that novel magneto-optical phenomenon, one has to calculate
from Fresnel's equation the relevant refractive indexes by resort-

ing to Egs. (4), (5), (9), and (16).

B. Magnetic Field-Induced Second Harmonic Generation

By (12) and (15), we obtain for the polarization component

induced at frequency 2w by a dc magnetic field:

e
P (20,2 k) (20, 2K E (0, K)Ey (k) H, (0) (15a)

= Xi3k1
Cohan and Hameka [56] proposed a gquantum-mechanical theory of

SHG by gases and liquids in the presence of a magnetic field.

This nonlinear process is allowed in systems of randomly oriented
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and noninteracting molecules that have neither a center of
symmetry nor a plane of reflection. Kielich and Zawodny [52], on
the basis of Eg. (15a), discussed SHG in all crystallographical
classes and showed that a dc magnetic field induces SHG in the
classes 422(D4), 622(D6), 432(0), as well as Y and K, in
which SHG is forbidden at H(0) = 0 and fulfillment of Kleinman's
symmetry conjecture [57]. Thus, experimental studies of dc mag-
netic field-induced SHG will surely become a powerful method of
deciding the crystallographical class of bodies, as well as mole-
cules and macromolecules, the symmetry of which cannot be deter-
mined by other methods. .

Lately, Hafele et al. [58], using a high-power Q-switched
co laser radiating at 10.6 pm, performed studies of the dc

2
magnetic field dependence of SHG in InSb near the energy gap.

V. MAGNETO-OPTICAL PROCESSES OF HIGHER ORDER

Modern measuring techniques permit the investigation of
higher order magneto-optical processes, such as light-intensity-
dependent Faraday effect or Cotton-Mouton effect [59,60]1, doubling
and mixing of laser light frequencies in crossed electric and
magnetic fields [61], and third-harmonic generation (THG) in the
presence of a dc magnetic field [62,63]. Here, we shall consider

electric polarization of the fourth order, in the form:

e _ _eeeem
Pi(g,t) =X E.(g,t)Ek(g,t)El(;_,t)Hn(r,t) (17)

ijkinj

eeeem
ijkin
magneto-optical susceptibility of the fourth order the nonzero

where the fifth-rank axial tensor ¥ describes nonlinear

and independent tensor elements of which have been calculated by

group theoretical methods [64]. 1In Table 1, we give solely the
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number of these elements for the partly symmetric tensor

eeeem eeeem _ eeeem _  eceem
X(ij)kln and the antisymmetric tensor X[lj]kln Xijkln inkln'

A. Third-Order Magneto-Optical Birefringence and Rotation

We shall now consider the experimental situation which arises
when, on a medium analyzed with l%ght of frequency wA, another
light beam of frequency wr is incident inducing optical
nonlinearity. With regard to Egs. (5) and (17), the third-order

variation of the tensor of electric permittivity takes the form:

(3)(w ) =AM (B, () By (~u ) H_(0) (18)

ae ijkln

whence we obtain the following expressions for the light intensity-

dependent magneto-optical birefringence and rotation:

(3) (3) _ eceem
AExx (wA) € v (wA) N { xkln(wA'mI)
eceem
- xyykln(wA,wI)}I H (0) (18a)
(3) _ (3) eeeem
Aaxy (wA) Ae (w ) = lGﬂxxykln(wA,m VI 1Hn(O) (18b)

In Table 3 are listed the experimental setups permitting the
observation of the new magneto-optical processes (18a) and (18b)
at Faraday's and Voigt's configurations, for various well-defined
propagation directions of the strong laser beam of intensity 1I.

Recently, Kubota [60] first succeeded in revealing experimen-
tally light-intensity~dependent magneto-optical rotation in
Faraday configuration in crystalline semiconductors (CdS, ZnS).
In Kubota's experiment, a probe beam is obtained from a Xe flash
lamp, whereas a Q-switched Nd-glass or ruby laser is used as
intense light source of the frequency wI. Although the statisti-
cal-molecular theory of the light-intensity-dependent variations

in Faraday effect in gases and liquids was proposed by Kielich
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[59,65] some years ago, reports of successful experiments are
still lacking.

On putting wp = 0 in Eq. (18), one obtains an expression
for the influence of the square of a dc electric field on magneto-
optical effects. Obviously, when studying these effects in iso-
tropic bodies, one has to take into account the unavoidable
presence of a strong Kerr or, respectively, Cotton-Mouton effect,
according to the configuration applied. 1In fact, we have the

additional variation in permittivity tensor:

eecee
Aeij(w) = 4n{xijk1EkEl
eemm eeemm
+ . + ... + N + ...
Xi9x1t X1 5k1mEkt1
eeeemm
+ ...
xijklmnEkEleHn } (19)
: . ssqs eeee

Above, the tensor of nonlinear electric susceptibility Xijkl de-
fines the quadratic Kerr effect, that of magneto-electric
susceptibility Xijkl -~ a magnetically induced anisotropy [48]
or the quadratic Cotton-Mouton effect, and that of magneto-
electric susceptibility of order 65 xi?iiﬂi -~ the cross effect

due to the direct concomitant action of electric and magnetic
fields on the isotropic medium. This latter cross effect is
accessible to observation in solutions of macromolecules and col-
loid particles, where the effects of nonlinear electron Voigt dis-—
tortion are ACcompanied by a strong Langevin reorientation of the

microsystems [40,66].

B. Doubling and Mixing in Crossed Electric and Magnetic Fields

The general formula (17) can be particularized to the form:

ceeem

e —
Pi(2w) = xijkln(Zw)Ej(w)Ek(w)El(O)Hn(O) (17a)

describing SHG in the presence of dc electric and magnetic fields.

The process, a general discussion of which is due to Kielich [61],
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is of especial interest, since it can take place in isotropic
eeeem
ijklm
to 60 nonzero ones, 6 of which are generally mutually independent.

bodies, where the axial tensor x reduces its 243 elements
Besides frequency doubling, one has likewise the possibility of
performing experimental studies of sum-frequency and difference-
frequency processes at various configurations of the fields E(0)
and H(0), in particular when the two fields are at right angles.
As yet, there is a lack of reports on experimental attempts to

deal with this new nonlinear magneto-optical process.

C. Third-Harmonic Generation

The theoretical work of Lax, Kolodziejczak, and others [62]
has proved the feasibility of enhancement in THG due to interband
transitions and resonance in the presence of a dc magnetic field.
The relevant experiments have been performed by Patel et al. [63]
in InSb single-crystal sample by using a Q-switched CO2 laser
and a magnetic field growing to 54 kOe. Phenomenologically, the
effect is described in a first approximation by the following
polarization at frequency 3w resulting from Eg. (17):

eeeem

e -_—
Pi(3w) = xijkln(3w)Ej(w)Ek(m)El(w)Hn(O) (17b)

The above formula, moreover, describes THG in isotropic bodies

with induced magnetic gyrotropy.

VI. EXPERIMENTAL PROSPECTS AND CONCLUSIONS

The preceding phenomenoclogical treatment has permitted a
concise discussion of the nature and observation conditions of a
wide variety of new nonlinear magneto-electric-optical effects.
Certain of these effects, like laser-induced magneto-optical rota-
tion, SHG, and THG, are well known to have been detected and

studied in semiconductor crystals [58,60,63], and everything -
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points to their impending detection in molecular and
macromolecular substances as well. To corroborate this statement,
it suffices to invoke the inverse Faraday effect [39] detected in
diamagnetic liquids and, in general, the recent rapid developments
in laser technique. Ingenious methods of observation, supported
by a high sensitivity of the measuring equipment and a judicious
choice of substances and materials, will surely lead in the near
future to detection of the other nonlinear magneto-optical effects
discussed in this chapter.

The accretion of knowledge to be gained by investigations of
these magneto-electro-optical effects in conjunction with other
nonlinear processes, e.g., inverse Cotton-Mouton effect [48] and
nonlinear light scattering in the presence of an electric and mag-
netic field [67], is obvious. 1In addition to the magneto-electric
anisotropies of molecules and macromolecules, one will be in a
position to determine nonlinear electron distortion processes
which, hitherto, have been successfully calculated for some simple
atoms and molecules only [68,69]. Despite the fact that general
quantum mechanical theories of nonlinear magneto-electric
polarizabilities [70] as well as discussions of the permutational
properties of these tensors [71] are available, there is still a
complete lack of papers claiming the evolvement of experimental
methods and procedures. We know of but one report, concerning the
observation of the influence of the square of a magnetic field on
the electric permittivity of diamagnetic liquids [72].

The new magneto-electric-optical effects (particularly,
nonlinear maghetic circular dichroism) can be detected soon and
easily in macromolecular and colloidal solutions [40], especially
liquid crystals. This statement is justified by the results
achieved along the lines initiated by Jezewski [73] and Kast [74]
showing that liquid crystals are highly sensitive not only to an
electric field but to a magnetic field as well [75]. Quite re-
cently, some more papers have appeared on the topics dealt with

above [76-86].



466

2.
3.
4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

STANISLAW KIELICH

REFERENCES

M. Faraday, Phil. Trans. Roy. Soc., 1846, 1; Phil. Mag., 28,
294 (1846); 29, 153 (1846).

E. Verdet, Ann. Chim. Phys., 41, 570 (1854); 52, 151 (1858).
A. Fresnel, Ann. Chim. Phys., 28, 147 (1825).

W. Voigt, Magneto- und Electro-Optik, Teubner, Leipzig
(1908) .

Q. Majorana, Compt. Rend., 135, 159, 235 (1902).

A. Cotton and M. Mouton, Compt. Rend., 141, 317, 349 (1905);
145, 229, 870 (1907).

H. A. Lorentz, The Theory of Electrons, Teubner, Leipzig
(1909); L. Rosenfeld, Theory of Electrons, North Holland,
Amsterdam (1951).

T. H. Havelock, Proc. Roy. Soc., (London), A77, 170 (1906);
A80, 28 (1908).

P. Langevin, Ann. Chim. Phys., 5, 70 (1905}); Radium, 7, 249
(1910).

J. H. Van Vleck, The Theory of Electric and Magnetic
Susceptibilities, Oxford University Press, London (1932).

M. Born, Optik, Springer, Berlin (1933).

M. V. Volkenshteyn, Molekularnaya Optika, Gostekhizdat,
Moscow (1951); Struktur und Physikalische Eigenschaften der
Molekule, Teiibner, Leipzig (1960).

W. Schiitz, Handbuch der Experimental Physik, Magnetooptik,
Vol. 16, Akademisches, Leipzig (1936).

J. F. Nye, Physical Properties of Crystals, Clarendon, Oxford
(1957) .

L. D. Landau and E. M. Lifshitz, Electrodynamics of Contin-
uous Media, Pergamon, New York (1960).

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

D. W. Davies, The Theory of Electric and Magnetic Properties
of Molecules, Wiley, London (1967).

J. W. Beams, Rev. Mod. Phys., 4, 133 (1932); W. Heller, Rev.
Mod. Phys., 14, 390 (1942).

A. Piekara and S. Kielich, J. Phys. Radium, 18, 490 (1957);
J. Chem. Phys., 29, 1292 (1958); S. Kielich and A. Piekara,
Acta Phys. Polon., 18, 439 (1959).

I. Tinoco Jr. and C. A. Bush, Biopolymers Symp. 1, 235
(1964) .



MAGNETOELECTRO~OPTICS 467

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35,

36.

A. D. Buckingham and P. J. Stephens, Ann. Rev. Phys. Chem.,
17, 399 (1966); P. N. Schatz and A. J. Caffery, Quart. Rev.,
23, 552 (1968); D. Caldwell, J. M. Thorne, and H. Eyring,
Ann. Rev. Phys. Chem., 22, 259 (1971).

P. S. Pershan, J. Appl. Phys., 38, 1482 (1967); Y. R. Shen,
Phys. Rev., 133a, 511 (1964).

S. Kielich, Dielectric and Related Molecular Processes, Vol.
1 (M. Davies, ed.), Wright, London (1972), Chap. 7.

E. U. Condon, Rev. Mod. Phys., 9, 432 (1937);
M. P. Groenewege, Mol. Phys., 5, 541 (1962); S. H. Lin and
R. J. Bershon, J. Chem. Phys., 44, 3768 (1966).

R. Daudel, F. Gallais, and P. Smet, Int. J. Quantum Chem., 1,
873 (1967); P. J. Stephens, J. Chem. Phys., 52, 3489 (1970).

R. A. Harris, J. Chem. Phys., 46, 3398 (1967); 47, 4481
(1967) .

M. V., Volkenshteyn, Fizyka Enzymow (in Polish), PWN,
Warszawa (1970).

A. D. Buckingham, W. H. Prichard, and D. H. Whiffen, Trans.
Faraday Soc., 63, 1057 (1967); R. Locqueneux, P. Smet, and
J. Tillieu, J. Physique, 29, 631 (1968); P. W. Atkins and
M. H. Miller, Mol. Phys., 15, 491 (1968).

S. Kielich, Acta Phys. Polon., 17, 209 (1958); 22, 65, 299
(1962).

M. Surma, Acta Phys. Polon., 25, 485 (1964); R. J. W. Le Fevre
and D. S. N. Murthy, Australian J. Chem., 19, 179, 1321
(1966); 23, 193 (1970); R. J. W. Le Fevre, D. S. N. Murthy,
and P. J. Stiles, Australian J. Chem., 21, 3059 (1968); 22,
1421 (1969).

M. Y. Miekshenkov, Biofizika, 10, 747 (1965); 12, 30, 157
(1967).

V. N. Tsvetkov and M. Sosinskii, Zh. Eksperim. i Teor. Fiz.,
19, 543 (1949); Z. Blaszczak, A. Dobek, and A. Patkowski,
Acta Phys. Polon., 240, 119 (1971).

J. F. Ready, Effects of High-Power Laser Radiation, Academic
Press, New York, London (1971).

H. Kolm, B. Lax, F. Bitter, and R. Mills (eds.), High
Magnetic Fields, Wiley, New York (1962); D. B. Montgomery,
Solenoid Magnet Design, Wiley, New York (1969); H. Knoepfel,
Pulsed High Magnetic Fields, North Holland, Amsterdam (1970).

M. F. Barnothy (ed.), Biological Effects of Magnetic Fields,
Plenum, New York, Vol. 1 (1964), Vol. 2 (1969); Faraday Soc.,
No. 3 (1969).

S. V. Vonsovskii, Magnetism (in Russian), Izd. Nauka, Moskva



468

37.

38.

39.

40.
41.

42.

43.
44.
45.

46.

47.
48.

49.
50.
51.

52.
53.

54.

55.
56.
57.
58.

STANISLAW KIELICH

(1971); H. Cofta, Metamagnetyki (in Polish), PWN, Warszawa
(1971).

V. M. Agranovich and V. L. Ginzburg, Spatial Dispersion in
Crystal Optics and the Theory of Excitons, Wiley, New York
(1965)..

G. W. Gray, Molecular Structure and the Properties of Liquid
Crystals, Academic Press, London (1962); Liquid Cyrstals and
Ordered Fluids, (J. F. Johnson and R. S. Porter, eds.),
Plenum, New York (1970).

P. 8. Pershan, J. P. Van der Ziel, and L. D. Malmstrom,
Phys. Rev., 143, 574 (1966). ’

S. Kielich, J. Colloid Interface Sci., 30, 159 (1969).

S. Kielich, Proc. Phys. Soc., 86, 709 (1965); Acta Phys.
Polon., 29, 875 (1966).

P. S. Pershan, Phys. Rev., 130, 919 (1963); E. Adler, Phys.
Rev., 134, A728 (1964).

A. Huber, Z. Physik, 27, 619 (1926) .
S. L. Hou and N. Bloembergen, Phys. Rev., 138, Al218 (1965).

L. M. Holmes and L. G. Van Uitert, Phys. Rev., B5, 147
(1972).

P. E. Ferguson and R. J. Romagnoli, Opt. Acta, 17, 667 (1970);
R. J. Romagnoli and P. E. Ferguson, Opt. Acta, 18, 191 (1971);
J. Appl. Phys., 42, 1712 (1971).

S. S. Jha, Phys. Rev., 140, A2020 (1965); 145, 500 (1966).

S. Kielich, Phys. Letters, 24A, 435 (1967); Acta Phys.
Polon., 31, 929 (196€7); 32, 405 (1967).

P. W. Atkins and M. H. Miller, Mol. Phys., 15, 503 (1968) .
N. Bloembergen, Opt. Acta, 13, 311 (1966).

S. Kielich, Opto-Electronics, 2, 125 (1970); Ferroelectrics,
4, 257 (1972).

S. Kielich and R. Zawodny, Opt. Commun., 4, 132 (1971).

R. R. Birss, Symmetry and Magnetism, North-Holland, Amsterdam
(1964) .

S. Kielich and R. Zawodny, Acta Phys. Polon., A42, 337
(1972).

D. Mukherjee and M. Chowdhury, Physica, 58, 109 (1972).
N. V. Cohan and H. F. Hameka, Physica, 38, 320 (1967).
D. A. Kleinman, Phys. Rev., 126, 1977 (1962).

H. G. Hafele, R. Grosar, C. Islinger, H. Wachernig,
S. D. Smith, R. B. Dennis, and B. S. Wherret, J. Phys. C.
Solid st; Phys., 4, 2637 (1971).



MAGNETOELECTRO-OPTICS 469

59.

60.
61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

S. Kielich, Phys. Letters, 25A, 517 (1967); Appl. Phys.
Letters, 13, 152 (1968).

K. Kubota, J. Phys. Soc. Japan, 29, 986, 998 (1970).
S. Kielich, Opt. Commun., 2, 197 (1970).

M. Weiler, W. Zawadzki, and B. Lax, Phys. Rev. Letters, ig,
462 (1967); J. Kolodziejczak, Phys. Stat. Sol., 24, 323
(1967); 29, 645 (1968); Acta Phys. Polon., 33, 183 (1968).

C. K. N. Patel, R. E. Slusher, and P. A. Fleury, Phys. Rev.
Letters, 17, 1011 (1966); N. Van Tran, J. H. McFee, and
C. K. N. Patel, Phys. Rev. Letters, 21, 735 (1968).

S. Kielich and R. Zawodny, Acta Phys. Polon., A43, 579
(1973).

S. Kielich, Bull. Soc. Amis Sci. Lettres Poznan (Poland),
Ser. B, 21, 47 (1968-1969).

S. Kielich, Bull. Soc. Amis Sci. Lettres Poznan, Ser. B, 21,
35 (1968/69).

S. Kielich, Acta Phys. Polon., 23, 321, 819 (1963); 377, 447
(1970); Opt. Commun., 1, 345 (1970); S. Premilat and P. Horn,
J. Chim. Phys., 62, 395 (1965); 63, 463 (1966).

J. Finkel, J. Mol. Spectr., 9, 421 (1962); J. Opt. Soc. Am.,
58, 207 (1968); P. Smet and . Tillieu, Compt. Rend. Acad.
Sci. Paris, 260, 445 (1965); P. Smet, Int. J. Quantum Chem.,
3, 417, 593 (1969); T. Y. Chang, J. Chem. Phys., 54, 1433
(1971); R. Locqueneux, Int. J. Quantum Chem., 6, 1 (1972).

A. D. Buckingham and J. A. Pople, Proc. Phys. Soc., B€9,
1133 (1956); Proc. Cambridge Phys. Soc., 53, 262 (1957);

J. D. Lyons and R. P. Hurst, Phys. Rev., 162, 698 (1970);

T. Y. Chang, J. Chem. Phys., 56, 1752 (1972); R. Locqueneux,
Int. J. Quant. Chem., 6, 1 (1972).

S. Kielich, Acta Phys. Polon., 30, 851 (1966); Physica, 32,
385 (1966).

L. L. Boyle, Int. J. Quantum Chem., 3, 231 (1969); 4, 413
(1970); L. L. Boyle and P. S. C. Matthews, Int. J. Quantum
Chem., 381 (1971).

A. Piekara and A. Chelkowski, J. Phys. Radium, 18, 49 (1957).

M. Jezewski, J. Phys. Radium, 5, 59 (1924); Z. Physik, 40,
153 (1926); 159 (1928); M. Jezowski and M. Miesowicz, Phys.
Z., 36, 107 (1935).

W. Kast, Ann. Physik, 73, 145 (1924); Z. Physik, 42, 81
(1927); 71, 39 (1931).

E. F. Carr, J. Chem. Phys., 42, 738 (1965); 43, 3905 (1965);
R. B. Meyer, Appl. Phys. Letters, 14, 208 (1969); Groupe
d'Etude des Cristaux Liquides (Orsay), J. Chem. Phys., 51,



470

76.

77.

78.

79.

80.
8l.

82.
83.

84.

85.

86.

STANISLAW KIELICH

816 (1969); Phys. Letters, 28A, 687 (1969); G. Durand,

L. Leger, F. Rondelez, and M. Veyssie, Phys. Rev. Letters,
22, 227 (1969); P. G. De Gennes, Mol. Cryst. Liquid Cryst.,
7, 325 (1969) ; 12, 193 (1971); J. D. Lee and A. C. Eringen,
J. Chem. Phys., 55, 4504 (1971); P. Martinaty, S. Candau, and
F. Debeauvais, Phys. Rev. Letters, 27, 1123 (1971); I. Raud
and P. Cladis, Mol. Cryst. Liquid Cryst., 15, 1 (1971);

T. J. Scheffer, Phys. Rev. Letters, 28, 593 (1972);

W. H. De Jeu, C. J. Gerritsma, and Th. W. Lathouwers, Chem.
Phys. Letters, 14, 503 (1972); F. Rondelez and J. P. Hulin,
Solid state Commun., 10, 1009 (1972); ¥. Brochars,

P. Pieranski, and E. Guyon, Phys. Rev. Letters, 28, 1681
(1972); J. Phys. Radium, 33, 681 (1972); 34, 35 (1973) .

H. Kelker, Mol. Crystals and Liquid Crystals, 21, 1 (1973);
A. Saupe, Ann. Rev. Phys. Chem., 24, 441 (1973); G. Elliott,
Chem. Brit., 9, 213 (1973).

D. L. Partigal and E. Burstein, J. Phys. Chem. Solids, 32,
603 (1971).

S. Bhagavantam, Proc. Indian Acad. Sci., A75, 1 (1972};
S. Bhagavantam and P. Chandrasekhar, Proc. Indian Acad. Sci.,
76, 13 (1972).

R. M. Hornreich, IEEE Trans. Magn., 8, 584 (1972).
B. A. Huberman, Solid State Commun., 12, 259 (1973).

P. Chandrasekhar and T. P. Srinivasan, J. Phys., C6, 1085
(1973).

S. Kielich and R. Zawodny, Opt. Acta, 20, 867 (1973).

T. Hashimato, A. Sato, and Y. Fujiwara, J. Phys. Soc. Japan,
35, 81 (1973).

S. G. Semanchinsky, Yu. V. Shaldin, and L. V. Soboleva,
Phys. Letters, 48a, 45 (1974).

V. S. Zapasskij and P. P. Feofilov, Usp. Fiz. Nauk, 116, 41
(1975).

S. Kielich and R. Zawodny, Optical Properties of Highly
Transparent Solids (S. S. Mitra and B. Bendow, eds.), Plenum
Press, New York (1975) p. 393.



