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A brief review is given of the mechanisms responsible for a number of well-known electro-optical and
magneto-optical effects, and also the spatial dispersion effects in isotropic (under rotations) liquids.
Theoretical estimates and typical experimental values of constants are given. The existence and detection
of a number of new electro—optical, magneto-optical, and magneto-electro-optical effects in transparent
isotropic liquids are examined. It is indicated which effects are forbidden under left-right reversal
symmetry and time-inversion symmetry (no relaxation processes). The mechanisms responsible for many of
the effects are considered and the values of the corresponding constants are reproduced. Despite the fact
that these constants are small, the effects appear to be measurable through the application of the

synchronous detection technique using modulated external electric and magnetic fields.
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INTRODUCTION

The sensitivity of different optical systems for mea-
suring light beam parameters (phase, polarization, and
s0 on) has sharply increased in recent years., This has
been achieved, on the one hand, through the use of im-
proved electronics for the detection of signals against
background noise and, on the other hand, through the
use of light sources of exceedingly high intensity, i.e.,
lasers. In view of this, we shall review some of the
finer effects consisting of changes in the optical proper-
ties of transparent isotropie liquids under the influence
of external static (or quasistatic) electric and magnetic
fields. Let us illustrate the situation by considering
the following example.

The well-known optical Faraday effect consists of the
rotation of the plane of polarization of light during prop-
agation in a medium and the rate of this rotation is
proportional to the amplitude of the externally applied
magnetic field H, The question is: why is this effect
usually forbidden in the case of an externally applied
electric field E and how can this exclusion be removed?

Firstly, the magnetic field H is an axial vector (pseu-
dovector), i.e., its components do not change sign un-
der space inversion, In other words, a definite set of
coordinates, for example, a right-handed set, must be
used to define H, This also applies to the conventional
“angular velocity” @ with which the plane of polarization
rotates. It follows that the linear relationship ¢ = aH
does not violate the left-right symmetry. The corre-
sponding constant a is a scalar and is generally nonzero
for arbitrary liquids and solids. The electric field E is
a true (polar) vector and its components can be defined
in either right-handed or left-handed systems. Any lin-
ear relationship of the form ¢=0bE that we may obtain
will, therefore, violate the left-right symmetry. The
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pseudoscalar b should be zero for most isotropic lig-
uids. If, however, the liquid contains stereoisomeric
molecules in unequal amounts (for example, a solution
of “right-handed” sugar), this rule will not work be-
cause the liquid itself is not invariant under space in-
version,

Secondly, both the magnetic field H and the “angular
velocity” ¢ change sign under time reversal {—~ - £,
The linear relationship ¢ =aH between them is not,
therefore, in conflict with the symmetry of the pro-
cesses under time inversion, On the other hand, the
electric field E does not change sign under time rever-
sal and a relationship of the form @ =bE would violate
the symmetry of the processes under {— —¢. This re-
sult may be formulated in a different language, as fol-
lows. It will be seen later from the phenomenological
form of the permittivity €, that the electric analog of
the Faraday effect is inconsistent with the well-known
principle relating to the symmetry of transport coeffi-
cients, ¥

However, when an electric field is applied to a liquid,
this may result in irreversible processes, e.g., the
flow of conduction currents, and this may remove the
above rule relating to the t— —{ transformation. In
other words, when a current flows through a liquid, its
state, although it is stationary, is clearly asymmetric
under time reversal and, for such states of a thermo-
dynamic system, the symmetry of the transport coeffi-
cients cannot be demonstrated and, in general, is not
valid.

The electric analog of the Faraday effect is therefore
possible in a liquid, provided the liquid is left-right
asymmetric and is capable of conducting electricity. We
shall consider below a series of electrooptical and mag-
netooptical effects in liquids, which seem to us to be
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TABLE I,
Expected
Order of phase dif-
g (B, H, &) P T Name of effect magnitude of | ference,
a;, Cgs esu rad (see
text)
£ + + Refraction. . )
iage;n By —- — New 410714 10-7
iageip Hy + + Faraday 10-10
fageinthy - + Natural optical 3.10-10
activity
a.8inE? + + Electrostriction 1,3.10-1
a5 (EiEh"‘ %525“;‘) + + Kerr 9.10-9
2¢0;x H? + + Magnetostriction| 10-18
a; (H,l{k_ % H26,».) + -+ Cotton-Mouton 10-16
k2 + -+ Only the sum
asbunk ' t } e:!a,ki % 10-15
aghiky + + observable
a109;n (EH) - - New 4-10-22 10-12
o (E,-uk +HEq— — 1 = | New 41070 | go-t0
2
— 5 Sin (EH))
iagg (Bl — HEp) - -+ | New 10-14 30-3
ay38;x (KE) -+ — | New 10-17 5.40-6
ay (Eikp+ ki Ey) -+ — | Unobservable —
iags (Eikn — ki Ey) + + " -
a4g8;x (KH) - + | New 10-18 10-2
ayy (H ik + ki Hy) — + | Unobservable —
iayg (Hikp—kiH)) - — 1" 0

new. Chapter 2 gives a classification of the possible
effects, based on the expansion of the permittivity ten-
sor. In Chapter 3, we shall discuss the mechanisms
responsible for the new effects and will estimate the
values of the corresponding constants, We shall also
consider the possible experimental detection of the new
effects.

For completeness, the Appendix summarizes avail-
able information on the mechanisms responsible for
known optical effects.

EXPANSION OF THE PERMITTIVITY TENSOR

A systematic phenomenological description of effects
associated with spatial dispersion, magneto- and elec-
trooptical effects, and similar phenomena is given by
Landau and Lifshitz® and by Agranovich and Ginz-
burg.m These effects are considered in terms of an
expansion of the permittivity tensor £,,(w) in powers of
vectors and tensors characterizing both the light wave
itself [wave vector k in the space-time dependence
exp(—iwt+ik- r] and the result of application of exter-
nal fields to the medium (electric-and magnetic fields
E and H, velocity gradient 9v,/8x,, and so on). The es-
sential point is that, in an isotropic liquid, the tensor
£,,(w) can be expressed in terms of other tensors and
vectors through the use of only invariant tensors, name-
ly, the Kronecker unit tensor 4;, and the antisymmetric
unit pseudotensor e;,.

We assume that the medium is transparent at the light
wave frequency w and remains transparent when the ex-
ternal fields are applied. The tensor €;,(w) should then
be Hermitian: &, {w)=¢p(w). Table I lists expansions
of the Hermitian tensor €, in terms of the three vectors
E, H, k up to quadratic terms, inclusive. All the con-

871 Sov. Phys. Usp. 20{10), Oct. 1977

_ stants £y, ay—a,; are real (for static external fields E

and H). Some of the terms proportional to k do not give
rise to observable effects for transverse electromag-
netic waves (to the first order in the corresponding con-
stant). This is so because the length of the wave vec-
tor lki for the transverse light wave is not a freely
variable parameter but is practically a constant: [kl
=(w/c)Ve,. This is why the refractive index for trans-
verse waves is determined by the sum &, + agk’. More-
over, the constants ay, a;;, a5 a7, and a3 cannot, in
principle, be observed in transverse waves,

The tensor g, is a true tensor under inversion of the
set of coordinates, the vectors k and E are true (polar)
vectors, and H is a pseudovector (axial vector). Ac-
cordingly, we assign P==+1 to the quantities £y—as3 in
such a way that P=+1 means that the particular effect
may be nonzero in arbitrary liquids, including liquids
admitting space inversion, i.e., the left-right transfor-
mation, If the liquid is not invariant under inversion,
i.e., it “prefers, ” say, right-handed molecules, the
corresponding effect with P=+1 will have exactly the
same magnitude and sign as for a medium consisting of
left-handed molecules. Conversely, an effect with P
=~ 1 may differ from zero only for liquids which do not
admit inversion. The constant corresponding to an ef-
fect with P = -1 will then simply change sign under a
transformation from a right-handed medium to a left-
handed medium,

The presence of parity nonconserving (i.e., left-
right asymmetric) terms in the Hamiltonian represent-
ing the weak interaction between elementary particles

- should, in principle, lead to the same type of effect as

the left-right asymmetry in the structure of molecules,
for example, to optical activity in a gas or liquid con-
sisting of isotropic atoms. (51 Searches for optical ac-
tivity connected with neutral currents in the weak inter-
action between the elementary particles are being inten-
sively carried out at present. 6} The situation has been
reviewed in the literature'™® and the first experimental
communications have appeared. ') However, the
weak interaction constant is very small, so that optical
activity of this kind (effect proportional to a; in the
table) is at the limit of experimental detection. We
shall not, therefore, consider any more complicated
(electro- and magnetooptical) effects connected with
parity violation in weak interaction,

The behavior of the above vectors and tensors under
time reversal must be considered separately. In the
region in which the medium is transparent (to the light
field), the ¢~ — ¢ operation corresponds, because of the
e™“* factor, to the replacement ¢,,~ £f,. Moreover,
H- -H, E~E, and k- -k under time reversal. Ac-
cordingly, we assign one of the two values T=z+1 to
each of the terms in the table. In particular, T=+1is
assigned to effects for which the corresponding terms
transform into themselves with the sign + under the
above transformations, and T=-1 is assigned to terms
that change sign under such transformations.

By virtue of the Hermitian property of the tensor £,
=¢&}; in the subscripts referring to the light field (no
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absorption at the light frequency), the operation of com-
plex conjugation is equivalent to the interchange of the
subscripts in the tensor ¢;,. It is easily verified that
terms with 7=+1 in the table satisfy the principle of
symmetry of transport coefficients, and those with T
== 1 are inconsistent with this principle. T=+1
means that the effect can occur for thermodynamically
reversible processes, For example, when an electric
field is applied to a liquid, there is a loss of energy due
to the reorientation of the molecules (the term propor-
tional to a5, Kerr effect, P=T=+1), but this energy

is returned to the field source when the field is re-
moved.

Conversely, the symbol T'=- 1 indicates that dissipa-
tive, i.e., thermodynamically irreversible, processes
are essential for the corresponding effect. These ir-
reversible processes can occur in the medium when an
electric field is applied to it: for example, conduction
currents correspond to the irreversible conversion of
electrical energy into heat, We note, by the way, that
the presence of a static magnetic field H in the medium
and (or) light photons to which the medium is transpar-
ent {vector k) cannot give rise to irreversible processes.
It follows, in particular, that the constant ¢,; must be
zero (it cannot be observed with transverse waves).

In order to resolve the difficulties associated with this
relatively unusual situation, i.e., violation of the prin-
ciple of symmetry of transport coefficients, D Jet us
elucidate all this by considering the example of the elec-
tric analog of the Faraday effect. Let the electric field
.in the light wave be E(w,) and the quasistatic electric
field B(w,). We have explicitly introduced the (small)
frequency w, of the quasistatic field, especially since
this field will have to be periodically varied when a
modulation system is used for observing the effect. The
effect proportional to a; can then be written as an addi-
tion to the induction vector D{w =w, +w,) in the form

Dj(0 = o1 + o) = ymEs (@) Ey (05), A = s
We are therefore dealing with an effect that is nonlinear
in the fields. In the most general case, the nonlinear
polarizability tensor for the given frequencies w; and
w, does not satisfy the symmetry relations in the sub-
seripts j and k. ©%!% 1t is only in the special case when
there is no absorption at the three frequencies w;, w,,
wy +w, and, moreover, the dependence of X on w, can
be neglected, that one can demonstrate the symmetry
of X, in the subscripts j& (this is the so-called Klein-
man rule in nonlinear optics). However, it is precisely
for electrically conducting fluids that the condition of
zero absorption at w, may not be satisfied, even though
the fluid may remain transparent at w; and wy + w,,

1"We have not found in the literature any direct discussion of
physical systems for which the principle of symmetry of
transport coefficients, written in the form gy (w,k, E, H)
=gplw*, -k, E, —H), "% would be violated. We are indebted
to V. M. Agranovich, V. L, Ginzburg, and L., P. Pitaevskii,
whose remarks have enabled us to recognize better the non-
trivial nature of this point,
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The violation of the principle of symmetry of trans-
port coefficients in the subscripts referring to the light
field for effects that are linear in this field is connected
with the following fact. When processes that are asym-
metric in time occur in the medium, its state (density
matrix) also loses its symmetry under the operation of
complex conjugation. In quantum mechanics, this oper-
ation describes time reversal, In our case of an elec-
trically conducting liquid, the current state corresponds
to an asymmetric (under - - {) distribution of charged
particles in momentum space; the flow of current is
then accompanied by thermodynamically irreversible
processes involving an increase in entropy. B

In order to elucidate once again the foregoing discus-
sion, let us express the quasistatic field E(w,) in the
liquid in terms of the current density j and the quasi-
static conductivity o, i.e., let us write E(w,) =j/0.
The electric analog of the Faraday effect can then be
written in the form

ay .
e =1 - e

Since the current j changes sign under time reversal,
this expression for 0¢;, may be looked upon as not being
in conflict with the principle of symmetry of the kinetic
coefficients. However, we prefer not to hide behind
this redesignation, and state explicitly the violation of
symmetry.

In conclusion of our discussion of the T=+1 sym-
metry, we recall that ultraweak interactions between
elementary particles, that can be seen in kaon decays,
are known to be parity nonconserving under time re-
versal (T-odd). The simultaneous violation of T- and
P-parity should, in principle, ensure that the electron
has a nonzero electric dipole moment d along the spin.
The electric analog of the Zeeman splitting of terms
with spin parallel and antiparallel to the static electric
field should give rise to an electric analog of the Fara-
day effect in the same way as the usual (magnetic) Zee-
man splitting produces the usual Faraday effect. Dis-
sipation processes are then no longer necessary for the
appearance of a;#0.

The current upper limit for d'% is d<10-'*u,, where
U p is the Bohr magneton. In addition, the estimate for
a, due to the ultraweak P- and T-parity nonconserving
interaction gives rise to an additional factor represent-
ing the weakness of the spin-orbital interaction in the
atom. The final estimate is ;< 10‘“a2, which is
smaller by 11 orders of magnitude than our prediction
of a; based on the molecular current mechanism (see
below).

In the column headed “name of effect” in the table,
we give the established designation or a brief charac-
terization of the mechanism responsible for the effects.

2hWe note that the presence of “superfluid” or “superconduct-
ing” currents in the system also makes the state asymmetric
under time reversal §— —t, although thermodynamically ir-
reversible processes do not take place in this case.
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In relation to effects proportional to ay, ayy, ai1, aig,
a3, and ayg, we have taken the liberty of describing the
corresponding effects as “new” since we have not found
in the literature a description or discussion of them,
The effect proportional to a3 is analogous to the phe-
nomenon of “dragging” of light by a moving liquid (the
Fizeau experiment; see, for example, Sommerfeld'!®),
The only difference is that, in our case, this motion in-
volves only a definite component of the liquid (ions of a
given sign in solution) and the velocity v of this motion
is proportional to the applied field E.

In relation to macroscopic phenomena, the terms pro-
portional to ay, a,, a3, and a;; correspond to the rota-
tion of the plane of polarization of light, and two tran-
sits of the beam (forward and reverse directions) re-
sult in a doubling of the effects proportional to a;, a,,
and ay, but, for the natural optical activity (proportional
to a3), this results in a cancellation of the effect. The
terms proportional to a;, a;, and a,; lead to induced
birefringence and to a change in the refractive index
averaged over the two polarizations. All three effects
are independent of the direction of k and, therefore,
accumulate as a result of back and forth transmission.
The terms proportional to a,, ag, ay, a3, and a;c de-
scribe simply the change in the refractive index, where
the effects proportional to a;, ag, and a;; are doubled
as a result of a double transit (to and fro) whereas those
proportional to a3 and a;; are cancelled out.

The above considerations relating to the P, T proper-
ties and macroscopic manifestations of the various ef-
fects can be used similarly to discuss the properties
and mechanisms of phenomena corresponding to terms
that are of higher order in E, H, and k., This also re-
fers to other fields and their gradients in liquids (con-
centration fields, temperature fields, velocity fields,
and so on). Unfortunately, however, fast external mod-
ulation of such fields is practically unattainable, and
this severely restricts the possibilities of experimental
detection.

In the present paper, terms of degree higher than the
second in E, H, and k will not be discussed although they
appear to include many interesting effects.

ESTIMATES OF THE CONSTANTS FOR NEW
EFFECTS

1: The effect proportional to ¢, has as its macro-
scopic manifestation the exact analog of the Faraday ef-
fect with the magnetic vector H sfmply replaced by the
electric field E., For this effect to exist, the liquid
must be noninvariant under the transformation of right
into left. At first sight, the additional rotation of the
plane of polarization proportional to ¢,E is practically
indistinguishable against a background of fluctuations
in the larger rotation proportional to a;k due to natural
optical activity. In general, the latter is always pres-
ent in such media. There is, however, one point that
is favorable for the new effect. Firstly, the “sugar”
rotation of the given medium at a given wavelength can
be reduced to zero by adding to the liquid (solution) the
molecules of another chemical compound with opposite
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sign of natural rotation. The medium as a whole will
then remain asymmetric under inversion, as before,
despite the fact that a3=0. Secondly, rotation due to
the new effect is doubled as a result of to-and-fro
passes (as in the Faraday case), and the “sugar” rota-
tion cancels out even if we do not make sure that a; it-
self is zero. Thirdly, the sign of the constant a; must
change when all the “right” components of the liquid are
replaced by the “left” components, and vice versa., All
this may isolate the effect in which we are interested
even when the application of the electric field to the me-
dium is accompanied by components of the magnetic
field H along the beam that are synchronous with E (such
components of H will simulate our effect). Finally, the
new effect is linear in E and, therefore, any thermal
effects associated with the current flowing through the
medium (see below) that are proportional to E* cannot
mask the new effect.

The new effect proportional to g, is assigned T=-1,
which means that it is basically connected with thermo-
dynamically irreversible processes of dissipation of the
energy of the external electric field E in the liquid.

We shall consider below two mechanisms that can be
responsible for the appearance of the effect proportional
to a;. Both mechanisms are based on the fact that, un-
der the influence of the external field E, the left-right
asymmetric molecules begin to revolve with angular
velocity £ and there is a nonzero (@) =¢tE, i.e., a non-
zero average of this angular velocity over the initial
orientations of the molecules. The rotation of the mole-
cules leads to the appearance of Coriolis forces (in the
coordinate system attached to the nuclei), These forces
have an effect on the motion of the electrons and are, in
some ways, analogous to the effect of the Lorentz force
due to an effective magnetic field. The order of magni-
tude of this effective magnetic field can be estimated
with the aid of the Larmor theorem: H,,~(2mc/e){@).
A more rigorous analysis of the question will confirm
this estimate. It may therefore be concluded that mole~
cules of this left-right asymmetric component of the
liquid are located in an effective magnetic field given by

H.o ~2“E, (1)
where £ is the constant of proportionality between (&)
and E, i.e., (R)=¢tE.

We note that a magnetic field produced directly by a
charge e rotating with angular velocity @ at a radial
distance r~a is of the order of H,~M/a3=ﬂe/ac, where
M=ed’Q/c is the magnetic moment due to the rotation
of the charge and a~3x10"% ¢m is of the order of the
size of the molecule. We thus have

H e? 1 rcl -
o =y =T~ 107, (2)

where 7,; =2.8x10"'3 ¢m is the classical radius of the
electron, The contribution of the “Coriolis” field is
thus the dominant one.

The first of the two mechanisms responsible for a; #0
can be realized in a purely static electric field where a
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constant current flows through the liquid. Suppose that
the liquid contains charged left-right asymmetric ions
of density N; (cm™). Under the influence of the field E,
these ions move with mean translational velocity (v)
=uE, where u is the ion mobility. As a result of the
“propeller” effect, these ions will also rotate with a
certain angular velocity () = b(v), where the coefficient
b has the dimensions of the reclprocal of length and its
order of magnitude is b~ zlJa , where $~0,1-1 is a di-
mensionless coefficient that depends on the hydrody-
namic form of the molecule (for example, see Happel
and Brenner!!®?),

Therefore, () =a"'LE, In approximate estimates,
the mobility ¢ is conveniently expressed in terms of the
diffusion coefficient D (¢m?/sec) with the aid of the Ein-
stein relation y =eD/kT. We then have

y=2Z2 2%, (3)

ac

Heffb ?E

If we suppose that the Verdet constant per ion is not
very different from the corresponding constant of the
original molecule, we have

N me2 D
= 0257 = 4

where g, is the macroscopic constant for the Faraday
effect in a medium consisting of the above asymmetric
molecules of density Ny.

Another mechanism that may produce a; #0 may be
realized in the course of orientation of left-right asym-
metric molecules with static dipole moment d; in an ex-
ternal alternating electric field. The simple relaxation
equation for the “angle” of orientation of the molecule
can be written in the form

(@ +T (@) =T & Ee-iant, (5)

where T! (sec) is the orientation relaxation time and

w, is the frequency of the external electric field E (w,
corresponds to the radio band). Fabelinskii''” has given
an analysis of the orientation relaxation processes in
connection with molecular scattering problems, The
solution for {¢) is

—ioy 4y
(q’)—‘ i——(m),/l‘) kT Ee ‘w" (6)

Again, due to the “propeller” effect, we may suppose
that

io, di -
=V oty T B )

@=v @ 5
where ' ~0,1-1 is a dimensionless coefficient charac-
terizing the left-right asymmetry of the rotational re-
laxation of the molecules (see Happel and Brennert'®),
The essential point is that the corresponding molecules
need not be dissociated into ions. Denoting their density
by N,, we obtain

—ing  2dyme (8)

gy Dm0y 2dime
o=tV TG, wTe

874 Sov. Phys. Usp. 20(10), Oct. 1977

At low frequencies, w, <TI', we may write 6¢,,
=1ie,, const+ dE,/dt, where the real constant (const) is
independent of the frequency w, of the rf field and does
not contain the relaxation constant I'. This effect can
be assigned T=+1. At high frequencies, w>T, we
may write 6€;, =ie,;,, const’'TE;, where the real constant
(const’) is again independent of I" and w,., The presence
of the factor I' shows once again that T=-1, i.e., it
emphasizes the role of irreversible processes.

Let us now consider some numerical values, Assum-
ing that a,~10"° cgs esu, N~10?2 cm™3, N,;/N,~10"% o
~0.1, D=10"° em?/sec, and T=300°K, we find that a,
~4%10"!" cgs esu for the first mechanism. For E ~300
V/em, Ay =0.63 1, the angle of rotation of the plane
of polarization over a length L =100 c¢m is ~10-7 rad.
When the light-beam power is 1 W (5x 10'® photons/sec)
and the quantum efficiency of the photodetector is ~0.1,
the time required to record this signal against the shot
noise background is ~10™* sec. The important point is
that periodic modulation of the external electric field
should enable us to exclude slow instabilities during the
angle measurements, In fact, Aleksandrov and Zapas-
skiit'® have recently described an experiment in which
an amplitude of modulation of the angle of rotation of
the plane of polarization of ~10- rad could be mea-
sured,

For the second mechanism with ¢’ ~0.1, N, /Ny~0.1,
wy/2r2T/2210° Hz, and d;/e~10"% cm, we find that a;
~10"13 esu. It is difficult to determine whether this ef-
fect could be observed for w,/27 ~ 10? Hz because it is
difficult to avoid accompanying magnetic fields. More-
over, we note that a large rise in the Faraday effect
constant [« (v - wo)'z] tends to reinforce our effect as
we approach resonance w— w, for either of the mecha-
nisms,

10, 11: The effects proportional to ayy, a;; have P=T
=-1. I we consider the above mechanism involving
the rotation of the molecule during motion with velocity
&) =pE, we may suppose that H,, =7E and express the
constants of the mixed magnetoelectric effects propor-
tional to ayy, @y1 in terms of the purely magnetic effects
proportional to ag, a; (magnetostriction and the Cotton-
Mouton effect;

am~as-2v%, au~2va1i,$;—. (9)
where 7 is given by (1) and the constants ag, a; refer to
the medium with density Ny, It seems that these effects
are difficult to detect, Thus, for the values of a;y and
ayy given in the table for A~0.6 y, and for the same
density as in the case of the effect proportional to a;,
we find that, for H~1000 G, E~300 V/cm, and L~100
cm, the addltlonal advance of phase is Ay~ 102 r rad,
Apy~10"r

12: The effect proportional to a,, is, in its macro-
scopic manifestations, analogous to the Faraday effect
with the replacement

H,*EXH (10)
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Since T=+1, P=-1, one would expect that this effect
is due to a purely electronic mechanism. The order of
magnitude of the corresponding constant can be esti-
mated as follows, The addition to the polarizability a
(cm?) of a molecule in the first order in the dipole-in-
teraction Hamiltonians d < E and i - H for electrons in-
teracting with electric and magnetic fields, respec-
tively, is

~ doE  ugH
ba~a gi—gi s (11)

where d;~ea is of the order of the matrix element of
the dipole moment for the transitions in the molecule,
pp is the Bohr magneton, and 7w, is the characteristic
“atomic” binding energy. In the estimate for the con-
stant a, in the case of the Faraday effect, we again have
the parameter jjH/%w,, (see the Appendix). More-
over, dy/fiw,, ~E;l~(10" esu)"!, where E,, is the char-
acteristic electric field in the molecule, From (11),
we therefore obtain the following estimate for the con-
stant a,,:
alt;lec

~ y— ~ 10717 cgs esu. (12)
Fot

Moreover, there is also an orientational mechanism
for a;3 #0. In the presence of a magnetic field H, the
polarizability tensor of an individual molecule at the
light frequency must be increased by

Baik = ieihmpmal (13)

where the tensor p,; depends on the orientation of the
molecule. Averaging over the completely random dis-
tribution of the orientations of the molecules gives 6¢;,
=ie;,Has, i.e., the Faraday effect. If, however, the
molecule is not left-right symmetric and has a static
dipole moment d;, then averaging over the angles in the
presence of the electric field E gives rise to the addi-
tional term

Seun ~ agi (H\ By — EiHiy) -k (14)

where the dimensionless parameter d,E/kT character-
izes the change in the Boltzmann distribution of the
molecules over the orientations in the first order in the
electric field E, Moreover, under these conditions,

ay5 ~aydy/ET. Symbolically,

a5 1a8t ~ kT 1he, . (15)

Numerical estimates give the following results for
the orientational mechanism:

a&rien( ~ 1014 cgs esu.

To observe the effect, one must use electric and mag-
netic fields with components at right-angles to the beam,
Assuming that H~1000 G, E~3000 V/cm, »=0,63 4,
and cell length /=100 cm, we find that the angle of ro-
tation of the plane of polarization is ¢ ~0.001 rad for
the orientational mechanism. This type of modulation
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in the position of the plane of polarization is quite
easily detectable (see above) and one would therefore
hope that this effect will soon be detected. Moreover,
there are reasons to expect that, in the isotropic phase
of a material close to the transition into the liquid-
crystalline state, the constant a;, will be substantially
higher due to the easier orientation of the molecules.

13: The effect proportional to ;3 has P=+1, T=-1
and is analogous to the dragging of light by a moving
liquid (see, for example, Sommerfeld'!®™). The motion
of a definite ion component in the electrolyte due to the
application of an external quasistatic electric field is
important for our purposes. We then have 6&~(N,;/N;)
x(9e/9w)k{v) and, as before, {(v) =eDE/kT. Substituting
(9e/8w) ~£/w, N;/N,~0.01, we find that a;3~10"17 cgs
esu. For I=100 cm, E=300 V/cm, and A=0,6 g, we
obtain an advance of phase of ~5X10"® rad. The effect
should increase rapidly as compared with this estimate
when the frequency of the radiation approaches the fre-
quency of a resonance transition in the ion.

16: The effect proportional to a;; may be present in
a P-odd medium when the processes taking place are
reversible. The purely electronic mechanism yields
the simple estimate

1~ %% ~ 8y ~ 10718 CES €SU. (16)

The effect appears to be accessible to observation in
refractometers of special design, for example, in a
Rayleigh interferometer. Thus, for H~1000 G and cell
length I~1 m, the additional advance of phase, which is
proportional to H, is 0.01 rad. A modulation of this
order in the phase difference between two interfering
beams can readily be observed by modern methods.

APPENDIX: ESTIMATES OF CONSTANTS OF KNOWN
PHYSICAL EFFECTS

For completeness, we now reproduce information on
the leading mechanisms of known electrooptical, mag-
netooptical, etc., effects and the magnitudes of the cor-
responding constants. All the values of the constants
are given in electrostatic units.

0: The permittivity of liquids in the optical band is
determined by the deformation of the electron shells of
molecules under the action of the light field. Assuming
that the light field frequency w is well removed from
the frequency w, of the main electronic transitions, we
find that the polarizability of the molecule a'¥ is given
by {d) = aE ~dy(dyE/Fw,), where E is the light field, d,
=eag is the characteristic magnitude of atomic-molec-
ular matrix elements of the dipole moment, and aj is
the Bohr radius. The dimensionless parameter (d,E/
Biwg) is the ratio of the dipole-interaction Hamiltonian
d- E to the characteristic molecular energy differences
Aw,. The final results are: @ ~a%=10%" ecm®and £=1
+47Na =2 for N~10% cm3,

2: The Faraday effect corresponds to the modifica-
tion of the polarizability in the first order in the mag-
netic field H. Assuming that the dipole Hamiltonian is
~ugH, where [ip is the Bohr magneton, we have da
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~0y(py H/fFwg). More rigorous analysis will show that,
for w <w,, there is an additional factor® of order 2w/
(wy — w) which, under typical conditions, amounts to
about $-% and is unimportant for numerical estimates.
The rotation of the plane of polarization over a path L
is ¢ =(2vey)"'LwHa, cosd/c = VHIcosb, where Ve, is the
refractive index, 6 is the angle between H and k, and
V is the Verdet constant, Typical values for nonferro-
magnetic media are: V=4,47%x10 rad/G- cm, a,
~1.04x10"! cgs esu for density N=3, 34x10%% ¢m™3 (the
experimental values are given for H,O and the wave-
length of light is 0.546 p).

3: Natural optical activity described by the term pro-
portional to a; is realized only for molecules that are
asymmetric under the transformation from the right-
handed system of coordinates to the left-handed system,
The angle of rotation of the plane of polarization is ¢
=0.5lay(w/ ¢)?. The estimated addition to the polariz-
ability of an individual molecule, including only the first
term in the expansion in powers of a/\ (a is the typical
linear size of the molecule), yields 6a ~agka, The
value of a; is proportional to the density N (cm*®) of the
optically active molecules in the medium, For saccha-
rose in water and A=0.589 1, we have a;/N=1,16
x10"% em*+ rad, ¢/NI=3.76X10"% deg- cm®=86.58
%102 rad+ cm?, etc.

4: The change in the refractive index proportional to
the square of the static electric field, EZ, may be due to
two mechanisms. Firstly, there is the purely electronic
mechanism involving a modification of the electron

-shells in the second order in E. In this case, 6«

~ 0 o(doE /fiw,)? ~ B2 /EL, where E2, is the intraatomic
(or intramolecular) field which is of the order of 107
esu. The corresponding value of a, is a,~(g, - 1)/EZ,
~10"13-10"!* ¢gs esu (this should be compared with the
self-focusing constant £, =10"'3 cgs esu for glass'?"; if
the dependence of a, on the frequency w has been ne-
glected, than €,=a,). Secondly, we have electrostric-
tion, i.e., the pulling of polarized molecules into a re-
gion of higher static field. Under these conditions,

de=

&
E]

g2 0 (o) p,

dp dp &n ap

where 8p/0p is the square of the velocity of sound, p is
the density, and p is the pressure. The value of a, for
carbon disulfide is approximately 1.3% 101 cgs esu for
this mechanism. We note that the ratio of the stric-
tional to the electronic values of a, is approximately
equal to (g, - 1)EZ,/8mpv?, which is %wy/kT for rarefied
gases and approximately equal to unity for condensed
media,

5: Birefringence proportional-to E? is the Kerr ef-
fect. In addition to the purely electronic mechanism
(for which as;~ay), there is the mechanism involving a

3)The presence of an odd power of the light wave frequency w
is obvious from the presence of the purely imaginary unit in
front of i. Moreover, we are discussing the so-called “dia~
magnetic” part of the Faraday effect and will neglect the
“paramagnetic part, ”{1%!
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change in the orientation of anisotropically polarized
molecules, If the molecule (for example, nitrobenzene)
has a static dipole moment d;, then 6a ~(dE/kT)’a, (),
where @, (w) is the anisotropic part of the optical po-
larizability and the dimensionless parameter (d,E/kT)
corresponds to the perturbation of the Boltzmann dis-
tribution of the molecules over the angles in second or-
der in the Hamiltonian d; - E. For molecules with zero
dipole moments (for example, CS,), we have 6&
~(,(0)E2/kT)ar, (w), where @,(0) is the anisotropic
part of the static polarizability and the parameter
(@,,(0)E2/ET] corresponds to the first-order perturba-
tion due to the Hamiltonian 1/ 2a“E2, The values of as
for T~300°K are: a;~6,7x10" cgs esu for nitroben-
zene, and a;=6.5X% 10-1 cgs esu for CS,;, These values
are higher by factors of between 10 and 100 than for
most liquids (for nitrobenzene and, especially, CS,,

a, /a,~1 and, at the same time, the nitrobenzene mole-
cules have nonzero dipole moments). The phase differ-
ence for the two orthogonal polarizations in the trans-
verse electric field is given by

1 0 0 Qo
q)AZ‘/.E_o—C—lEaa— B

where A is the wavelength of light in vacuum. In terms
of mixed units for which [@]=em?/V?, we have Q(CS,)
~1,4x10"15 em?/V?, Q(CeHNO,) =1.5%x10°" cm?/V?2,
When w <w,, the constant @ should be relatively inde-
pendent of the wavelength, We note, by the way, that
when a,, ~Q,,

as(elec) : a5 (nondipol) : as (dipol) & (5—‘:)2(%)2: (j—‘:) (ﬁ) ‘1.

6: The change in the refractive index proportional to
H? may be due to an electronic mechanism and magneto-
striction. In this sense, the constant ¢; is analogous to
a, multiplied by the factor (n/dy)? ~(e*/Ac*)?~10"°, The
same factor gives the ratio of the diamagnetic polariz-
ability to the dielectric polarizability. Thus, as~a4(e2/
Fic):. The table lists ag=2x 10" for CS,.

7: Similarly, for birefringence proportional to H?
(Cotton—Mouton effect), we have a;~as(e’/fic)®. If the
path difference is ¢ =Q'AH?I/), then for CgH;NO, we
have @' =9.2x10"!'® G2 and Q' should not be a rapidly
varying function of the wavelength,
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