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The results of theoretical and experimental studies of effects in the interaction of powerful laser radiation with
liquid crystals (LC) are reviewed. Attention is drawn to two aspects of these studies: 1) use of LC materials in
nonlinear optical devices (specifically, the nonlinear optics of LC); 2) the use of laser methods to study the LC
state of matter (nonlinear spectroscopy of LC). Specific aspects of optical harmonic generation effects, induced
Raman scattering, and the self-action of powerful laser beams are discussed in detail. LC restructuring effects
under the action of coherent radiation are described. The relation between the symmetry of the molecules
forming the LC phase and the symmetry of macroscopic nonlinear susceptibilities is analyzed; a special role is
reserved for the spatial dispersion of LC susceptibility, which has a bearing, in particular, on the possibility of
generation of even optical harmonics and on the possibility of specific light self-action modes. Recent
experiments on second-harmonic generation in nematic LC, on measurement of LC relaxation parameters in
the pretransition range, and on the nonstationary self-focusing effect are described, as well as determination of
higher elements of the orientation distribution function of LC molecules from induced-scattering
characteristics.
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INTRODUCTION

Nonlinear optical effects in liquid crystals (L.C) are of
interest for the physics of LC and for nonlinear optics.
Use of nonlinear-optical methods to study these new

speak of the nonlinear spectroscopy of L.C in the broad-

est sense. Further, the specifics of the nonlinear opti-

tion that takes place in them, i.e., it allows us to diation.
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cal interactions in L.C opens up opportunities for new
LC applications in practical devices—frequency con-
verters, tunable radiation generators, ultrasound gen-
materials yields important information on the structure erators. Here prospects are good for the creation of
of L.C and on the nature of the intermolecular interac-

thin-film, low-power elements for control of laser ra-
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On the other hand, traditional nonlinear effects also
present new features in LC, so that it is possible to
establish the relation between the symmetry of the
molecules and the macroscopic susceptibility of the
medium in great detail and to begin a deliberate search,
based on an analysis of matter at the molecular level,1
for substances with record-high nonlinear susceptibili-
ties among the LC.

The spatial dispersion (SD) of nonlinear susceptibility
that is observed in LC?*® becomes expecially conspicu-
ous in the phase-transition (PT) range; here also there
are sharp changes in the relaxation times of orienta-
tional effects,’® so that it is possible to investigate the
molecular aggregates that form.

Because of the extreme sensitivity of LC to the action
of external fields, a powerful light wave changes the
orientation of the molecules.” Light-induced structural
changes are reflected in all of the macroscopic proper-
ties of LC and are easily observed both in the meso-
phase®’® and in the isotropic phase.””® However, the
changes at optical frequencies are so fast that the LC
molecule as a whole does not have time to respond to
them' (see also Refs. 11-13). Here the degree of
alignment of the molecules is proportional not to the
amplitude of the light-wave field, but to the intensity
of the wave,'®™ i.e., already here we are dealing with
a typically nonlinear optical effect.

In problems related to laser frequency conversion
(harmonic generation, parametric processes), LC en-
able us to bring about synchronous interactions by
methods that are not traditional for nonlinear optics—
by compensating wave detuning with the reciprocal-lat-
tice vector“; here it is possible for colliding as well
as comoving waves to interact.!’ Moreover, the very .
fact that nonlinear effects of various orders are obser-
ved (for example, second-harmonic generation) gives
us valuable information on the symmetry of the LC
molecules and their macroscopic susceptibility, which
is manifested most simply precisely in nonlinear wave
effects,15+16-19

In the PT range, where the specifics of L.C are most
distinctly evident, nonlinear problems yield data on the
higher moments of the orientation distribution func-
tion 20

Active Raman scattering spectroscopy is especially
effective in this area.2’® We should also note the local
nature of optical investigations in the PT range of the
IC, i.e., the possibility of conducting an experiment
with small volumes of matter, which, on the one hand,
enables us to probe the nucleation processes of the new
phase and, on the other, relaxes the homogeneity and
temperature-stabilization requirements imposed on the
medium and reduces the effects of extraneous factors
(gravitational effects, etc.?!). This takes research of
this kind out of the domain of the unique and makes it

UThe effect in which LC are reoriented under exposure to
laser radiation has been used, for example in Ref. 5, to ob-
tain reversible records with high spatial resolution in the
irradiated layer.
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much less time-consuming.

This review presents a generalization and critical
analysis of studies published to date on the nonlinear
optics of LC. Sections 1, 2, and 4 emphasize the novel
aspects that LC bring into nonlinear optics. Section 3
[see also subsections (b) and (c) of Sec. 1] discusses a
second aspect: use of the methods of nonlinear spec-
troscopy to obtain physical information on LC, espe-
cially onthe PT range. For all practical purposes, the
literature on linear LC optics does not figure here, and
is brought in only in connection with problems of non-
linear optics (Sec. 2).

The range of problems discussed does not include
those with a direct bearing on the generation of laser
radiation in liquid-crystal matter, although already to-
day we may speak of realistic prospects not only from
the standpoint of miniaturization of these elements, but
also from the standpoint of the purely physical possibi-
lities that open up, such as lowering of the lasing
threshold, broad tuning ranges, and variation of radia-
tion parameters.?®?'? In Sec. 4 [subsection (d)] we
shall discuss only intraresonator LC nonlinear ele-
ments.

Before proceeding with the actual exposition of the
material, let us briefly discuss the classification of LC.

LC are organic substances with long anisotropic
molecules®*?* ¥ : on the transition from the solid to
the liquid phase, they pass through an intermediate
state-the mesophase, in which the molecules are dis-
posed in a certain order and, consequently, the mecha-
nical, optical and other properties are anisotropic.
The molecules of LC are characterized by strong aniso-

tropy of electron polarizability.

LC are divided into several groups on the basis of
structural symmetry. The most thoroughly studied
group is that of thermotropic LC: nematic (NLC),
cholesteric (CLC), and smectic (SLC). NLC are char-
acterized by long~range orientational order and full
freedom of displacement of the centers of gravity of the
individual molecules in space. CLC can be regarded as
a variety of NLC: locally (at distances of the order of a
molecular length), they have all the properties of NLC
(orientational order is present and translational order
absent). CLC are formed by substances with optically
active molecules, whose asymmetry results in twisting
of the LC’s structure. The axis of preferred orienta-
tion of the molecules (the director) varies from point to
point; in an ideal CLC, the director n depends on only
one coordinate: n, =cos(gz + ¢), n, = sin(gz + ¢}, n,=0.
Thus, the CLC has a spiral structure with a spatial
period p =21/q (if the directions +n and —n are physi-
cally equivalent); usually p~10°-10* 4, i.e., CLC can
reflect visible radiation efficiently.

For SLC, one-dimensional translational order is
characteristic in addition to orientational order. SLC
are structurally most similar to solid crystals, so that
in substances that are capable of forming NLC and SLC

2 Compare also with Ref, 119,
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the sequence of phase changes as the temperature de-
creases is as follows: IL-NLC-SLC-solid crystal.

Although they are the most widespread, the concepts
outlined above concerning LC symmetry are quite crude
and can serve only as a first approximation to the real
structure of LC. Noncentral symmetry and optical bi-
axiality® 2% and the optical activity®”3® of NLC have
recently been discussed. We shall also return to these
problems below.

1. NONLINEAR OPTICAL SUSCEPTIBILITIES OF LC

The history of research on the nonlinear susceptibili-
ties of LC at optical frequencies spans little more than
a decade; much less is known concerning the nonlinear
properties of LC than of the analogous properties in
the gaseous, liquid, and solid states. The complexity
of interpreting optical experiments with LC manifests
itself in the fact that it is practically always necessary
to take into account simultaneously inhomogeneity,
statistics, spatial dispersion, and the uncertain sym-
metry of the medium, in contrast, say, to the case of
solid crystals, in which isolation of any of these factors
normally presents no difficulty. However, even the
few results obtained thus far—and, in our view, this
pertains in particular to results in second-harmonic
generation in NLC—though they have not yet given us
final answers to certain problems of LC physics, en-
able us in many cases to restate these problems in new
formulations and more broadly.

a) Spatial dispersion of susceptibility

The ground state of LC is inhomogeneous: it is un-
stable with respect to breakdown into domains.!* In this
case, the Landau expansion for the free-energy density
also contains derivatives of the order parameter with
respect to the coordinates.?”® This spatial inhomogene-
ity asserts itself in decisive fashion in the nonlinear
optical properties of LC. Allowance for spatial dis-
persion (SD)—the nonlocal spatial coupling between
polarization and field! *—for a homogeneous medium
is essential if we are dealing with an inhomogeneous
field; if the system consists of many particles, it is,
generally speaking, necessary to consider the inhomo-
geneity of the field both within the particle and at
lengths of the order of the distances between particles.
In the former case, it is necessary to include higher
multipoles along with the dipole moment of the particle.
However, there are frequent situations in which the
field inhomogeneity within a single molecule (the intra-
molecular SD) can be neglected and the dipole approxi-
mation can be used for the single molecule.*® It is the
“collective” SD effects which are nonvanishing in this
case, that are important for LC.

With allowance for SD, the susceptibility of the me-
dium depends on the wave vector k of the light wave:
X=X(k, ). This relation is important when [k|L, 21,
where L is the characteristic scale of the particle in-
teraction (orientation length). In NLC, it can be as-
sumed that L is of the order of the dimensions of the
regions of spontaneous molecular orientation or the
dimensions of the domains, which may greatly exceed
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k™ for the visible region.

In harmonic generation and parametric processes,
allowance for SD lets X7, X{hy, . - . remain as tensors
of third, fourth, etc., rank, but the vectors ki, ks, . .
are “external” parameters with respect to the crystals
(like the external applied fields), so that symmetry
transformations of the crystal do not affect them.*® The
result is that the symmetry properties of X?,)., X?}k, are
quite different when SD is considered. For weak SD,
X?}k can be expanded in series in k:

Xisn (ky, 04 ky, @)

= %5k (04, @) + Akt (04, ©g) Fy A (04, @) kot .

Even in the presence of an inversion center, this tensor
may be nonzero: in this case X{) =0 but x{;2 # 0 and
the latter do not depend on the external parameters Kk,
E, and H and their properties are determined by the
symmetry of the crystal.

Structural periodicity must also be taken into account
in CLC. For crystals characterized by a system of
reciprocal-lattice vectors q, the susceptibility (for
example, of second order) may be represented in the
form*

Ak (K, Ky, ky, @, 00) = 2 %k (Kpy @y, ko, @) 8 (k—k,—k,—q).

Generally speaking, the terms xTy(ki, wy, ky, w;) with

q =0 are not small compared to x(f;,,(kl, w1, ky, wy). For
CLC, g=27/p, where p is the pitch of the spiral, which
is easily varied over a wide range, so that it is neces-
sary here to take the inhomogeneity of the specimen’s
structure into account.

b) Symmetry of molecules and the macrosocpic
susceptibility of NLC

Without touching upon the general properties of LC
symmetry space groups (see, for example, Ref. 44),
we shall confine ourselves to important particular
cases that must be taken into account in specific non-
linear transformations.

Here the main problem is the relation between the
macroscopic susceptibilities and the symmetry of the
LC’s molecules. This relation is, of course, deter-
mined by the orientation of the LC molecules and must
be described statistically; this approach will be exam-
ined in subsection 4. Here, however, we shall discuss
certain qualitative results on the assumption that the
LC is an ideally oriented system (a single LC).

The nonlinear susceptibility can be presented as the
sum of symmetric and antisymmetric tensor compo-
nents (see, for example, Ref. 18). In a square-law
medium, the antisymmetric part describes the differ-
ence, usually small, between the effects of the fields
E{(w;) and E,(w;) on the medium as compared to that of
the fields Ej(w;) and Ey(w;), and the antisymmetric sus-
ceptibility A?}k is much smaller than the symmetric one
S?;,,. But in an isotropic medium, where S?},, =0, the
antisymmetric part of the tensor may prove to be the
principal source of nonlinear effects.>®® An example
of such a medium is an isotropic solution of optically
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active” molecules, in which it is possible to obtain
sum and difference frequencies.*®

Further, the antisymmetric part of the nonlinear sus-
ceptibility may become nonzero (in a solution of mole-
cules without an inversion center) when there is ab-
sorption at one of the interacting frequencies; in this
case the well-known symmetry relations for the tensor
components of the susceptibilities are not satisfied.'
This LC problem is of independent interest in connec-
tion with the generation of tunable laser radiation using
dyes in LC matrices.”®™

Thus, three-frequency nonlinear interactions are
made possible by the tensor A, even in the isotropic
phase of LC formed from optically active (OA) mole-
cules. However, studies in the mesophase are of the
greatest interest, and it is these that we shall discuss
now.

The problem of the symmetry of NLC molecules has
recently been under intensive discussion in the litera-
ture. It now seems to have been established that NLC
molecules have shapes closer to a flat strip than to a
rod, an indication that they are optically biaxial 343648
However, the question as to the presence or absence of
an inversion center in these molecules is more impor-
tant. Here we are actually concerned with whether the
ends of the molecules can be distinguished physically:
are the directions (+n) and (-n) of the director equiva-
lent or not in the LC?

There are several experimental results on the be-
havior of NLC in constant magnetic fields (magneto-
optical) activity and the linear electrooptical effect; in
the latter case F ~x?hE}E,E? where EJ is the constant
field) that point to the conclusion that there is no inver-
sion center in the NLC molecule [in particular, in the
case of p-azoxyanisole (PAA)*?]. Good agreement is
obtained here between theory and experiment if it is
assumed that the PAA molecule has symmetry m (one
reflection plane)® (Fig. 1a). Apparently, many liquid
crystals consist of molecules with this symmetry or the
higher symmetry mm2 22 All such molecules lack an
inversion center, bu each has one {(m) or two (mm2)
reflection planes; these molecules are nonenantiomor-
phic, i.e., their specular reflections can be super-
posed.

Molecules with this symmetry do not exhibit OA in
isotropic liquids, but it has long been known®’ that OA
may appear in crystals of m or mm2 symmetry. A
generally erroneous statement often encountered in the
literature has it that the appearance of OA requires that
neither a center of symmetry nor a reflection plane be
present. A good illustrative example of OA for the
molecule of water H,0 is given in Ref. 48. The H,O
molecule (symmetry mm2) (Fig. 1b) can be viewed
along a certain direction k; as part of a spiral, say a
left-handed spiral (the direction k; lies in none of the

3)The coincidence of the conditions for optical activity and for
nonlinear effects on quadratic susceptibility can also be
traced in E‘he corresponding terms of the free energy
. 2 *
F: v 1E{Esky and x (} EJE,E,.
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FIG. 1. a) Schematic representation of molecule of symmetry
class m (the z axis corresponds to the long axis of the mole-
cule); ¥ schematic representation of H,O molecule (symmetry
class mm?2).

planes of symmetry). There obviously exists another
direction k; for which this molecule looks like part of a
right-handed spiral, so that OA can, in principle, ap-
pear in a system with oriented water molecules. Al-
though this example of OA is highly artificial, it illus-
trates the situation nicely for LC in which OA and the
linear electrooptical effect in a PAA specimen oriented
by a constant magnetic field were both observed experi-
mentally® and explained theoretically.*®* We stress
once again the role of orientation: OA in these sub-
stances is determined not simply by the disposition of
the atoms in the molecule, but basically by the order-
ing of the molecules as they interact with one another
and with external fields.®®

Physical differentiability of the director directions
(+n) and (-n) when the molecule has a constant dipole
moment should result in the appearance of ferroelectric
properties in an oriented LC.38:44:49:5¢%

In a system as subtly balanced as the LC, it is not al-
ways possible to give a straightforward interpretation
of observed effects solely on the basis of molecular
symmetry: other significant factors are defects and
grains, especially at the boundary of the specimen,
static distortions and strains in single crystals (the
flexoelectric effect, for example, may result in the ap-
pearance of a polar axis), and various dynamic proper-
ties of the LC, as well as the purity of the specimens
studied.?”#'3%"5! 1t is for this reasons that the question
of LC symmetry is not yet fully resolved. Studies of
LC symmetry by the methods of nonlinear optics be-
come highly important in this context; in particular,
the possibility of second-harmonic generation (SHG),
which can be brought about in the dipole approximation
only in noncentrally-symmetric media, yields impor-
tant information on local molecular ordering and on the
nature of the molecular interaction in LC, and is in
many cases the most convenient method of establishing
symmetry.m

¢) Second-harmonic generation and LC structure

Cholesteryl-2-(2-ethoxy) -ethyl carbonate was inves-
tigated in the first experimental study to observe SHG

“1n this case, we may expect the LC to develop a helicoidal
structure of the cholesteric type, which has apparently been
observed in N-p-methoxybenzylidene) -p-butylaniline
(MBBA).%"% (See Refs. 128,129 for generation of harmonics
in ferroelectric LC.)
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FIG. 2. a) SHG power vs. temperature for the CLC 2-(2-ethoxy) ethyl carbonate® (1—for one specimen in the case of fast tem-
perature change; 2—for other specimens with temperature stabilized over 18 hours; Tk is the temperature of the “cholesteric
phase-isotropic phase” transition; Ty is the melting point); b) P, as a function of time for various specimens at fixed tempera-
tures (the level ¢! corresponds to the melting time of small crystals of the solid CLC phase).

in LC.%® Observation of the second harmonic in two
other LC~cholesteryl-2-(methoxyethoxy)- ethyl carbon-
ate and cholesteryl-2-(2-butoxyethoxy)ethyl carbonate —
was also reported in the same paper. The signal at the
doubled frequency was recorded both in thick cells and
in oriented LC films; the effect was related in Ref. 52
to orientation of the molecules within randomly dis-
posed “swarms,” which eliminates the inversion cen-
ter.

It was concluded in later studies®® that the second-
harmonic signal is absent in the LC mesophase. In an
analysis of the experiment of Ref. 52, it was concluded
that the second-harmonic signal was the result of gen-
eration in minute crystals of solid-phase matter sus-
pended in the interior of the specimen; it was also con-
cluded that the orientation of the LC does not influence
SHG.

The double-frequency signal vanished when the tem-
perature was raised above Tx**'® (Fig. 2); however,
when the specimen was cooled it did not reappear even
at T < Tk, although it is known that the transition of an
LC to an isotropic liquid is reversible; nor was SHG
observed in other LC substances, specifically nematic
PAA oriented by rubbing the backing or by a 1.5 kV
electric field. It was concluded on this basis in Ref. 53
that the central symmetry of the mesomorphic LC
phase is compensated as in ordinary liquids.

Similar conclusions were drawn in Refs. 16 and 72,
which report studies of various LC mixtures.

Thus, the most widely held opinion is that three-fre-
quency nonlinear interactions in the mesomorphic
phases of nematic L.C are anomalously small, since
their internal structure is inversely symmetric. It
follows from the results of subsection (b) of Sec. 1,
however, that second-order nonlinear susceptibility
may be quite high in well-oriented single LC. The
moderate conversion efficiency in LC SHG that was ob-
served in the studies cited, and the absence of confirm-
ed reports of SHG, can be explained on the one hand by
the use of unoriented LC layers and, on the other, by
the absence of synchronous wave interaction in the sin-
gle specimens, which would, of course, require special
adjustment of the experimental geometry, and, finally,
by the fact that the small thickness of these cells (<100
pum) means a very low signal level, which requires a
sensitive registration system. Furthermore, analysis
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of the molecular compositions of the LC that have been
studied thus far shows that actually “random” LC were
investigated, which would have to be inefficient in non~
linear optics. The situation here recalls the early
stages in the development of the nonlinear optics of
ordinary crystals: the first SHG experiments were
performed in a quartz crystal, and quartz is far from
the most suitable material for SHG (lack of synchro-
nism and inadequate conversion efficiency) Je

Let us now turn to recent experimental data on SHG
in an MBBA NLC,'® which yielded the first estimates of
the second-order nonlinear susceptibility tensor com-
ponents.

SHG was obtained in homogeneous (chemically pure)
MBBA NLC cells about 10 um thick for nonsynchronous
interaction and several tens of microns thick for syn-
chronous interaction (the speciments were oriented by
rubbing the glass backing) in the field of single-mode @-
switched YA1G:N&"' laser (A=1.06 um); the power den-
sity of the radiation in the cell was several GW/cm’.

A recording system based on a photomultiplier (PM)
ensured a sensitivity threshold at the single-photoelec-
tron level at A=0.53 um. Temperature synchronism at
90° was found to be possible for synchronous SHG (the
temperature in the thermostat was stabilized to within
0.1°C).

The angular and spectral widths of the signal record-
ed from the cell with the NLC (after subtraction of the
background) was typical for SHG. A collinear SHG
geometry was realized in the experiment; the tensor
components xﬁl measured in the process appear in
Table I. The absolute value of X%; for MBBA was ob-
tained from measurements referred to the susceptibi-
lity of quartz ... X35 =2 10" cgs esu.

The signal power P, at the doubled frequency dropped
off significantly in the unoriented MBBA specimen and
in its isotropic phase, to values at the limit of detec-
tion of the instruments. In the solid phase, the value is
comparable to the P, , for synchronous generation in the
nematic phase; no detailed studies were made here.

Thus, the level of the recorded signal in Ref. 15 de-
pended strongly on the degree of orientation of the NLC
molecules: higher efficiency would be expected for ori-
entation by a constant magnetic field. Noticeable SHG
is also possible in the unoriented NLC if the dimensions
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TABLE I, Second-harmonic generation in an MBBA nematic liquid

crystal!®
Experi o
Xpert chron- i
Components mental ism l!':lo:l;:l?mg components
Type | Components of |for interaction |values i PO,
of %@ forinter- |stong y axis:  |Of ::7Ak ‘blhty‘;
inter- | actionalong |4 for p=u/2, | X = 3 Interaction
action | x axis “ forp=w-3/Y L2 s | Interaction | along y axis:
. Ttk 2! along x axis | «4” =n/2,
1323)3 £ “.” for p=m-3f2
[a]
e6—e (333) (333 1 0.9 [ —{— (333) (333)
ee—o (233) 133) 0 1.6 |+]|+ 0 (133)
o0o—e (322) (311) 0.05{ 0.5 [—|— (322) (311)
00—o (222) (111) 0 2.5 [—|— 0 (111)
(322) . (333) |(31%) , (333) (322) , (333)) (311) , (339)
et [zt 2z |° (o8|t t
—(332) + (331) =+ (331)
(222) * |(111) , (133) (1), (133)
0e—0|(223) 5= 7=+ 3 0.22( 7.5 {+{+ (223) _2___;.7
_(233) * (131) =+ (131)
2

of the spontaneous-orientation regions are comparable
to the wavelength. This must be taken into account in
analyzing higher-order interactions, when cascade
processes may become important. The presence of
synchronism indicates that the generation is of bulk
nature, which makes a flexoelectric effect improb-
able.** When the thickness ! of the NLC layer was in-
creased (or the temperature was raised), in which case
the degree of homogeneous orientation of the molecules
dropped (an effect of the statistics of the medium),s’ p,
decreased; this explains the comparatively small gain
as compared to nonsynchronous generation and implies
an optimum thickness of the cell with the NLC (l‘,pt ~18
pm in Ref. 15) (Fig. 3). There was practically no
change in signal level on further purification of the LC,
so that impurities would appear to play no insignificant
role.

In Ref. 15, SHG due to electric quadrupole interaction
(P} ~xP), E,V,E; was prohibited by the geometry of the
experiment. However, a possible inclination of the
molecules to the backing surfaces in oriented LC speci-
mens* must be borne in mind.? But also in this case
the quadrupole SHG mechanism is still weak in NLC:
even though they may exhibit optical activity, it is due
not to a large intramolecular spatial dispersion (the
isotropic phase of an NLC is optically inactive), but to
ordering of the molecules resulting from their interac-
tion with the externalfields or with each other in the
nematic phase (in a calcite crystal, for example,
X¥2w) ~1017 1078 cgs esu).”

In addition, a change in the structure of the LC (either
at the molecular level or in macroscopic regions) in the
laser field (Kerr effect, light pressure, heat effects)
may play a certain role in SHG. These processes may
influence the degree of orientation of the molecules
along some distinguished-polar direction in the LC.
However, light-induced effects are evidently incapable
of creating a polar direction in an LC. The only vector

5)This results in additional scattering of the light.
©)The experimental values of x {3} given in Table I should then
correspond to certain effective values of the nonlinear sus-

ceptibility,
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in the light field that could be responsible for this effect
would be the vector E XH (compare with Refs. 56, 15),
but a simple phenomenological analysis within the
framework of the mechanisms generally accepted for
the interaction of electromagnetic fields with LC (see
also Ref. 83) indicates that it need not be considered

in SHG analysis.

The above discussion suggests that the SHG of Ref. 15
was directly related to the symmetry of the oriented
NLC’s molecules, many of which, as we noted above,
can be assigned symmetry class m. The nonzero sus-
ceptibility components for this class are also given in
Table I.

Further hypotheses are required to explain the results
fully (last two lines of Table I). In particular, it is
necessary to assume for the interaction along the x axis
(second column) that Kleinmann’s symmetry rule'® for
the components X%), is violated; then x&, # 0.

We note in conclusion that inferences as to the sym-
metry of NLC molecules that follow from SHG can also
be applied to other types of LLC. The extension to the
case of CLC is obvious (the CLC can be represented as
a system of layers of an oriented nematic with the di-
rectors in each layer rotated with respect to one anoth-
erz), and SHG should be possible in SLC because their

51
ferroelectric properties are well known 414931547

d) The role of the statistics of the medium. Calculation
of optical susceptibilities

It was assumed for purposes of the above discussion
that the LC were ideally oriented, i.e., that the prop-
erties of the medium as a whole were identical to the
properties of the single molecule (“‘frozen” LC). In
reality, however, the coupling of these properties is of
statistical nature. To find the average values of the
nonlinear parameters, it is necessary to average over
the various orientations of the molecules.

In principle, this procedure should be analogous to

DA recently published paper'?® reported measurements of the
temperature dependence of SHG in the ferroelectric “C»-
smectic DOBAMBTS placed in a constant electric field.,
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FIG. 3. Curve of temperature synchronism for SHG in MBBA
NLC (cell thickness 1=18 um) (2) and dependence of power
Pz‘ on at synchronism maximum () for oe-o interaction,!®

that used in nonlinear optics.”® However, the problem
is more complex for LC, since the orientation-order
parameter is a tensor quantity. To find the average
values, it is necessary to derive equations connecting
the anisotropic macroscopic parameters of a system

of structural elements with the microscopic parameters
of the individual elements and with the structure param-
eters.?! The structure of the mesophase is given con-
crete form by the statistical distributions of the cen-
ters of gravity and orientations of the molecules; the
result of averaging depends on the hypotheses as to the
symmetry of the molecular interaction. The assump-
tions made above concerning the symmetry of NLC
molecules have far-reaching implications: the pres-
ence of an Intrinsic dipole moment of the molecules
changes the statistical distribution functions in the
mesophase.“ If the medium as a whole has an inver-
sion center (unoriented LC or their isotropic phase),

- this does not necessarily mean the absence of nonlinear
effects due to quadratic susceptibility (and to even sus-
ceptibilities in general). In this case (X?%) =0, but the
intensity of nonlinear scattering is proportional to the
two-point susceptibility correlator (xTx(1)x%s(2)),%+58
which is nonzero in NLC at distances of the order of
the domain size or at least at distances of the order of
the effective range of the intermolecular forces; near
a PT, it may be comparable to an optical wavelength.
In the latter case (microscopically inhomogeneous me-
dium), study of SGH yields information on the nonlin-
earity of individual molecules or ensembles of mole-
cules. But if the size of the spontaneous-orientation
region is greater than the optical wavelength, the me-
dium becomes macroscopically inhomogeneous, and the
solution of this problem is similar to the analysis of
nonlinear effects in crystalline powders.®

In the presence of constant fields, it is also necessary
to consider orientational in addition to electron nonlin-
earity, since its contribution is especially large in or-
ganic molecules with large dipole moments.” Here the
analysis can retrace the procedure used in analysis of
SHG in gases, liquids, and centrally symmetric crys-
tals in external fields.’” The anisotropy of the internal
field must also be taken into account for LC.2

e) Dependence of susceptibility on the structure of LC
molecules. Comparison with molecular crystals

It is now usually assumed that dispersion (van der
Waals) attractive forces between molecules and steric
repulsive forces play a decisive role in the formation
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of the LC state," and for this reason that nonlinear ef-
fects in LC should be attributed to covalent rather than
to ionic crystals (compare with Refs. 1, 19). The
presence of a conjugation chain (alternation of single
and double chemical bonds) along the molecule increas-
es the longitudinal component of molecular polarizabi-
lity, but the shape of the terminal groups of the mole-
cule is essential: lengthening of the terminal group
lowers the polarizability anisotropy. Further, the di-
pole moment of a conjugated molecule is associated with
its electron-donor and electron-acceptor substituents,
so that the presence and optimum positioning of the
latter is among the important criteria in the search for
substances with high nonlinear susceptibility.

For all practical purposes, no deliberate search for
LC with high nonlinearity has as yet been mounted.
There is hope in the situation that obtains in organic
systems with conjugate bonds, e.g., in molecular
crystals, which come closest in their structure to LC.
Comparison with these crystals indicates the direction
in which the search for effective materials for nonlin-
ear optics among LC should proceed. Below we shall
for the most part follow the ideas developed in Refs. 1,
19, and 58.

The high nonlinear susceptibility X of molecular
crystals does not result solely from their high linear
polarizability, as is the case for inorganic crystals,
i.e., Miller’s rule is not satisfied for them.”® It is
determined basically by an excited state of the mole-
cule with intramolecular charge transfer (ICT) along a
conjugate-bond system. A known condition for the exis-
tence of ICT is the presence of a conjugate-bond sys-
tem and acceptor substituents (ICT is strongest when
donors are present in addition to acceptors).

The compounds listed in Table II can be divided into
two classes. P, =10 for the first and P, <5 for the
second. All compounds belonging to thefirst class have
acceptor groups associated with a conjugate-bond sys-
tem, i.e., they possess ICT. Compounds 12 and 13,
which do not have an extended system of 7 bonds do
have donors and acceptors, are exceptions. ICT is im-
possible in compounds of the second class, in com-

TABLE II, Second-harmonic power of neodymium laser in
molecular-crystal powders.!

. 9w | Acceptors N o 24 Acceptors
Chemical compound Plel ( P d) C P Pré; (conj?lgnted)
1. m-Nitroaniline 50 —NO, 14. m-Aminophenol | 0.5 —
2. Anesthesin 30 | —COOH | 15. Trihydroxyben- | 0.5 -
3. m-Nitrobenzal- 35 { —lico zene (symmetric)
dehyde ~N0: 6. o-Nitrobenzal- | 3 -
4. p-Nitrobenzal- 10 { —HCco dehyde
dehyde —~NO; 17, Picric acid 5 -
5. m-Aminobenzoic 10 | —COOH
acid 18. Amino acids 1 —
6. Phthalic anhydride| 15 >CO 19. Hippuric acid 3 —
. : - 20. Tartaric acid
7. 5-Nitrour: 100 —NO, gl 1
8 S-Iolctlourat:‘ilﬂ 20 >co° |21, 1,8-Dinitronaph- | .5 _
9. Barbital sodium 25 >CO thalene
10. 5-Nitrophenol 15 —NO, ||22 Triphenylben- 0.5 -
11. p-Hydroxybenzoic] 10 |—COy(CHy)| = zene (symmetric)
acid methyl ester . 23. Veronal -2 -
24. N-p-methylben- 1 -
12. Urea (carbamide) |10—15 — zoylacetamide .
25. 3-Aminoquino- [2—5 -
[13. Nitroguanidine 20 — line -
26. Acetamide 2.5 -
27. Purine 12
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pounds 14, 15, 22-24, and 27, because of the absence
of acceptor groups; the X of these substances may
nevertheless be quite high owing to the presence of a
strong donor. In compounds 18-20 and 26, which do
not have an extensive conjugate-bond system, X is
determined by packing and may be large in the event of
an accidentally favorable disposition of the bonds if the
molecules are small. Finally, ICT is weakened by the
steric factor in compounds 16, 17, and 21, which have
conjugate bonds and acceptor substituents.

It can be stated from general considerations' that X
should increase with an increase in X% due to the ICT
contribution. Then X® depends strongly on the number
of bonds in the system®’; the contribution of system
length to X can be investigated by observing induced
Raman scattering of light®! in LC.

It can be assumed also for LC that the nonlinear sus-
ceptibility is determined by electrons weakly bound to
the core, e.g., electrons on extended 7 orbitals.
These delocalized electrons are responsible for speci-
fic properties of the conjugated molecules: high reacti
vity, strong dimagnetism, and such unusual optical
properties as high polarizability and strong absorption
in the visible region.

The susceptibility X® (tensor of odd rank) will be
large given sufficient asymmetry of these orbitals, but
for large values of the components of the even-rank
tensor X the presence of extended filled 7 orbitals is
sufficient. However, it must be remembered that the
substance may lose its ability to form a mesophase in
the presence of strong donor-acceptor substituents.

Turning from the properties of an individual molecule
to the medium as a whole, the orientation (packing) of
the molecules plays an important role in determination
of optical properties even if the van der Waals bond be-
tween molecules is weak. Packing is determined by the
type of 1LC and by the orientation of its molecules in the
specimen under the action of external fields. This situ-
ation is characteristic for systems with disturbed ro-
tational symmetry and resembles a Heisenberg ferro-
magnetic, in which all spins tend to line up parallel but
the energy does not depend on the direction of the total
angular momentum.? The spatial structures of most LC
in the solid phase are now known; at best, only the sym-
symmetry class can be stated. It would therefore be
worthwhile to find methods for determination of the pos-
sible molecular packing in LC from the symmetry of
the molecules, at least approximately; one of these
methods is the close-packing method.*

Yet another factor that determines the conversion ef-
ficiency is the proximity of the absorption band to the
frequency of the generated radiation. The resonant
contribution to nonlinear susceptibility is appreciably
larger than the nonresonant contribution already at the
edge of the absorption band.®

Thus, experiments to generate the second harmonic
in NLC indicate that the symmetry of the LC may be
lower than is usually assumed; this should give impetus
to the design of new experiments oriented to broaden-
ing the range of compounds studied by the procedures
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developed for molecular crystals, to broadening the
frequency range all the way to the ultraviolet, and find-
ing nonlinear-interaction geometries that are optimal
for various generation mechanisms.

2. LINEAR AND NONLINEAR OPTICS OF LC

To study the behavior of LC under the action of elec-
tromagnetic fields, it is, generally speaking, neces-
sary to solve the equation of motion of the director,
the dynamic equations, and the Maxwell equations si-
multaneously.?*® But if 7>>w™ (r is the relaxation time
of the LC molecules and w is the field frequency) the
problem reduces to minimization of the time-averaged
free energy of the LC and the field in the medium and
solution of the Maxwell equation in a medium with an
average distribution of the director. Solution of the
nonlinear problem makes sense when the energy of the
light wave is comparable to the characteristic elastic
energies of the LC; but at low intensities (linear pro-
cess), we can speak only of passage of light through an
LC with a given function (x, y, z). Here we shall dis-
cuss a general approach to the optical properties of LC
based on an anlysis of a traceless orientation tensor
whose components are the internal thermodynamic pa-
rameters of the LC. These problems were also dis-
cussed qualitatively above, but here we shall concen-
trate our attention on a mathematical formalism that
enables us to describe the interaction of a strong light
wave with an LC.

a) Material equations

A general scheme for calculation of NLC susceptibi-
lities was developed in Ref. 3 (see also Ref. 65). The
LC is described by the orientation tensor S,;, whose
components are functions of the coordinates and time.
It possesses a certain symmetry and a zero trace (five
independent components) and has the significance of an
average:

Sij=(\’§a)\’§'a))—%6u, . (1)

where v

ath molecule.

is the unit vector along the long axis of the

In accordance with the relations
€y = 9061‘] - NEa,SU'! Bij = HnGij + NllaSu. (2)

the orientation tensor determines the permittivity and
permeability tensors; here N is the number of mole-
cules per unit volume.

Solution of the equations determining S;; in the pres-
ence of an external electric field enables us to find the
coefficients in the expansion

Sy =y + ey + aynERE, (3)

(we retain only terms that are linear and quadratic in
the field).

We find the electric displacement by differentiating the
the free-energy density:
F=F(E=0)—s,EE,,

r
Dy~ —bn =ty + eaNS |, Ej. (4)

9E;

This gives the quadratic and cubic (static) susceptibili-
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ties of the medium:
Dy=eyE)+ UBE)Ex + E ErEr.

The dynamic susceptibilities are evaluated similarly
taking into account both temporal and spatial dispersion.

An expression for the free energy of the LC can be
obtained by the average-field method from the Hamil-
tonian proposed by Majer and Saupe® (it is assumed
that the molecules do not have intrinsic dipole mo-
ments).?

For the nematic phase (8S,, is the deviation from the
equilibrium value),

F=1 _{ [ 488,02+ 7 (vS 11— 2= NSyEE,]|av (5)

(integration is carried out over the volume of the speci-
men), where n}, =V3/2 [n}n] - (5,,/3)] 0’ is the director,
J is the intermolecular interaction constant, and A de-
pends on the temperature, the number density” of the
particles, and the entropy density (and its derivatives.
with respect to S=5,,S,,).}

For a cholesteric phase, expression (5) is general-
ized by addition of terms of the type ¢,;,S,9:S;, and by
introduction of a periodic dependence of n° on the coor-
dinate.

The equation of motion for S;; has the form
muus"u + "]mhs:u = — 6‘;—7] + 04 T::SW . (6)

where # and 7 are the mass and viscosity tensors,
which possess the properties m,, =m ue =0, m 4,

- =,y (and similarly for 7), which follow from the
reciprocity relations. The terms on the right-hand
side of (6) describe the forces actingon S;,. Itisa
joint analysis of (6) and (4) that gives us expressions
for the nonlinear susceptibilities (for details see Ref.
3).

The scheme outlined above uses the Maier-Saupe in-
ternal field tensor model, which relates the average
values of the macroscopic and microscopic character-
istics. Use of this model for an analysis of the aniso-
tropic properties of the system is justified only in the
immediate vicinity of the PT range, when the aniso-
tropy of the internal field is small. For optical mea-
surements in the mesophase it is necessary to consider
the difference between the local field of the light wave
and the macroscopic field; a procedure for derivation
of equations linking the birefringence of the NLC as an -
ensemble of oriented molecules to the anisotropy prop-
erties of effective molecular polarizability was devel-
oped in Ref. 21,

b) Wave interactions in media with periodic spiral
structure

1) Linear optics of CLC. General problems of
the propagation of light waves in CLC can be analyzed in
the same way as in subsection (a) of Sec. 2 (see also

8)Consistent analysis of nonlinear susceptibilities, especially
of even order, requires retention in this Hamiltonian of the
terms describing the interaction of higher multipoles.
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Refs. 70 and 122). Here, however, we shall briefly
discuss certain peculiarities of CLC linear optics (with-
out taking the statistics of the medium into account) that
are necessary for interpretation of experiments in non-
linear wave interaction.

CLC exhibit OA in the isotropic phase. Generally,
all types of interactions contribute to OA :* electric
dipole-electric dipole (d, d), electric dipole- magnetic
dipole (d, m), electric dipole-electric quadrupole (d, q),
and so forth. It is found on summation of the contribu-
tions from individual molecules that only the (d, m) ten-
sor makes a nonzero contribution if all orientations are
equiprobable; if, however, the medium is ordered,
other terms also become nonzero, with the result that
the OA increases.

OA reaches high values (10* - 10° deg/mm) in the
cholesteric phase; this is explained specifically by the
spiral structure of the CLC.

The linear optical properties of a spiral medium have
been studied in detail® on a model in which the medium
is treated as a birefringent crystal twisted around one
of the principal axes z in the form of a spiral with pitch
p.

The dielectric-permittivity tensor then takes the form

ey (:)=(::':i§a2305 ® z;i::‘zos% g ), (7)
0 0 5,

where 6=qz(q=2ﬂ/p). In normal incidence of the light

wave on the CLC (incidence along the axis of the cho-

lesteric spiral), the propagation of the circularly pola-

rized components E, =E_1{E, is described by the equa-

tions

T ®
The solution of (8) is a superposition of four circularly
polarized waves (right-handed and left-handed spirals;
forward and backward waves):

Ei = Atei(qiﬁ)z'

where

R Y LT - (9

Analysis of the solutions gives the following results®:
(a) if |k - q| <ge,/2 holds, one of the circular compo-
nents is reflected from the CLC; (b) if |k -gq|> qe,/2
holds, the principal effect is rotation of the polariza-
tion plane of the linearly polarized wave; the rotation
per unit length is Ak =k*'/4q(¢* - #*) () if |k-q|> qt}/2,
a standing wave is set up in the CLC; (d) if ¥ —¢*>
holds, two plane-polarized waves propagate with the
polarization vector of each undergoing rotation with
pitch gz. The resonant-reflection condition has the
form (27/q) cosa =m), where m is an integer (the order
of reflection) and @ is the angle of incidence. For obli-
que incidence, the appearance of higher orders of re-
flection is characteristic (they are forbidden in the case
of normal incidence? '), In thick CLC specimens,
in which multiple scattering is significant, three char-
acteristic cases are possible for arbitrary angles of
incidence of the light onto the crystal, depending on the
deviation from the Bragg condition®:
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FIG, 4. THG power Pg, vs. temperature during heating (a) and
cooling (b) of cholesteryl nanoate CLC specimen 25 pm thick,%

(a) weak diffraction reflection; (b) total reflection of
the light with a certain elliptical polarization; (c) total
reflection of the light with arbitrary polarization.

Interesting peculiarities appear in the diffraction-re-
flection range if absorption occurs in the CLC. Sup-
pression of absorption is possible here for a certain
deviation from the Bragg condition.®® This effect is
highly sensitive to the degree of molecular ordering of
the CLC and can be used for a direct determination of
the CLC’s order parameter.

All the above pertains to unbounded media and gives
only a qualitative idea of the optical properties of the
real LC cells being investigated. Accurate quantitative
estimates require that the presence of dielectric bound-
aries should be taken into account.'™®

2) Third-harmonic generation and syn-
chronism conditions in CLC. Itis convenient
to use the one-dimensional'® wave equation for the field
amplitude E, (z,3w) in a rotating coordinate system to
analyze third-harmonic generation (THG) in CLC (G is
the rotation operator)'t:

o

az ¢

(109

THG has been investigated for many LC."® The power
of the third harmonic in cholesteryl nanoate undergoes
substantial variations near temperature PT (Fig. 4).
The intensity of the third harmonic in the solid phase
(specimen 25 pm thick) is nearly 100 times higher than
that in the isotropic phase; in thick specimens, its
power decreases owing to large scattering losses. The
intensities of the harmonic are comparable in 25-um-
thick specimens of the cholesteric and isotropic phases.

Several factors explain the interesting fact that the in-
tensity of the harmonic values strongly near the PT
in cholesteryl nanoate.” First of all, the symmetry
of the medium is lowered with the transition from

9see Ref, 130 for detailed numerical calculations.

10The pump and third harmonic in CLC are easily synchro-
nized in collinear geometry (see below), use of which maxi-
mizes the interaction region.
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o (%’1)2+—41?—&i+ (ﬁ)zg;]ET(z,?:m)z —/m(-ii)zp;l(z, Sw).

the disorganized isotropic liquid through the meso-
morphic state with its higher degree of molecular
ordering to the crystalline solid phase. As a result,
a large number of nonlinear-susceptibility tensor com-

ponents contribute to THG; this is demonstrated by

the experimentally observed changes of the third-har-
monic polarization vector in the PT range. Secondly,
there is a relation between the coherence length, which
depends on the dispersion and birefringence of the me-
dium, and the effective “grain” size of the polycrystal-
line phase; the increase of THG power in the solid
phase of cholesteryl nanoate as compared to cholesteryl
myristate and palmitate may be due to large “grain”
sizes after cyrstallization into the solid phase. Third-
ly, a certain contribution to increased nonlinear sus-
ceptibility may be expected from molecular-interaction
effects in ordered phases.

The possibility of wave synchronism is an important
question bearing on nonlinear conversions.'® Satisfac-
tion of the synchronism condition in CLC depends on the
one-dimensional property periodicity inherent in their
structure: synchronism of the interacting waves is en-
sured by transfer of part of the photon’s momentum to
the lattice of the medium.

In Refs. 16 and 73, the synchronism conditions were
satisfied at the outset by compensating the mismatch
Ak =K - 3k“ with a reciprocal-lattice vector of length
q=27/p (optical transfer properties). The lattice con-
stant of the CLC can be changed quite easily, and
through a broad range, by adjusting the temperature or
concentration of the solution’; over a certain range of
temperatures and concentrations it falls in the range of
optical wavelengths. This means that the possible syn-
chronous interactions also include interactions of col-
liding waves, which, as we know, have a number of
important peculiarities (for a frequency-nondegenerate
interaction, for example, there is the possibility of
cavityless generation™).

In collinear interaction (along the z axis of the CLC
spiral), there are various possibilities for phase syn-
chronism'®:

2k =+ ki) £ k2] kL,
where (+ |k|) corresponds to the forward wave and
(- |2]) to the backward wave. The signs +, which ap-
pear as subscripts on the wave vector, indicate opposite
circular polarizations of the waves. Twelve variants
(Table OI; % corresponds to the backward wave) of col-
linear synchronous interaction in a CLC consisting of a
mixture of cholesteryl choloride and cholesteryl myri-
state (proportions by weight 1.75:1) 130 um thick were
investigated in Ref. 16 with a phase-locked neodymium-
laser pump (A=1.06 um). Phase synchronism was ob-
tained by adjusting the spiral to an appropriate pitch-
either by varying the temperature of the specimen or by
varying the concentration composition of the CLC stud-
ied. Figure 5 shows the temperature-synchronism
peaks for the 3k =£3¢ interaction, in which the highest
conversion efficiency was obtained: 10™ of the energy
of the incident radiation. The efficiency was increased
by a factor of 400 when the radiation was focused into a
beam 0.1 mm in dlameter.

(11)
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TABLE IOI. Third-harmonic generation in a mixture of
cholesteryl chioride and cholesteryl myristate, !¢

Ispiral culated Observed )
pitchp  [temperature synchron- | Relative
Synchronism conditions (um) for [for synchron- 'il’l’?/.'}% ism tem- _mt_;:‘;l;(l;nes
|synchron- fous interac- perature, |10
ous THG |tion, °C °C
kS 42k =3 - 0.24
T, T [ M=k 383 0.7
3% =k 0.24 39.5 | 2.104
k9 + 2k = k30 _ 0.35 30.5 11072
o 7wy o _jeek 2ko RS
K kS R =k 30 0.35 32+2 1.3
- =k +q
267 k¥ = 30 0 0.35 30.5 | 3-10-2
UL =F30 I =k +2q| 0.47 38.24+1 3.6] 38.1 1103
2% +EO = k3 - 0.69 209 | 3.107
B - _T 0, Zk"‘-}—k"’
"'lf-’*"""—)"'km:kam "3 0 0.69 30.140.6 8.5
- B = k0
20 Y~ 430 ky”—a 0.69 2.9 | 1.10-2
B 429 < RIO0R0 LR =k3+2¢| 0.70 | 3M.1£0.6 | 8.5 3.2 | 3.107
29 HEC = k30 2k0 4 Ry =430 —2q) LA 33.3+0.3 | 30 33.6 | 4-10
© _ 30 o __ e - 49.4+0.2 |, 49.3 1
W =k® =k —g 7 {50 [0 | sy b
he=hy+ 2n/p, Ky =0V egje, go=( e )2

c) Third-harmonic generation in polycrystalline CLC
specimens

The above discussion implies that the efficiency of
THG in CLC depends on the degree of circular polariza-
tion of the pump radiation and on the quality of prepara-
tion of the CL single crystal, i.e., on the homogeneity
of the CLC’s texture in the test cell. The first condi-
tion is trivial: it is easy to produce a circularly polar-

_ized wave accurate to no worse than one percent. Here
it is essential that THG is impossible in isotropic media
with circular polarization of the incident wave,”™ so that
the problem of excluding backgroun radiation (genera-
tion in the backings, in the air, etc.) does not arise.

The second condition calls for a separate discussion.
This is because preparation of a single CIC of compar-
atively large thickness {(of the order of several hundred
microns) is no simple matter.2* It is not possible to
produce a uniform spiral in thick CLC layers; here the
texture of the CLC consists of randomly oriented spiral
segments which lowers conversion efficiency in THG.
On the other hand, the power in the harmonic increases,
other conditions remaining the same, with increasing
specimen thickness, so that it is worthwhile to find the
CLC layer thickness that is the optimum with respect

2
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FIG. 5. THG power Py, (relative units) as a function of tem-
perature in a CLC mixture.!® Cell thickness 130 um; curve 1
corresponds to a left-handed spiral, curve 2 to a right-handed
spiral,
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FIG. 6. Third-harmonic power P,, in CLC as a function of
layer thickness 7.2 The dashed curve indicates the Py, ~12
relation.

to converted power.

This problem was investigated experimentally in Ref.
73, which reports observation of a synchronous temper-
ature interaction 3k“ =%3“ in a mixture of the same
composition as in Ref. 16. THG was obtained in cells

" with CLC 130, 60, 20, and 8 im thick (which were

placed in a thermostat). The temperature stabilization
was no worse than 0.01°. The single-mode radiation of
a @-switched YA1G laser (A=1.06 ;m) was used as
pump (pulse energy 710 J).

The complex dependence (Fig. 6) of Ps, on ™ can be

explained by variation of the tightness of the CLC spiral
with layer thickness (the spiral becomes nonuniform);
the width of the synchronism temperature curve in-
creases with increasing .

The most uniform CLC was obtained at /=8 pm. The
quality of the spiral generally deteriorates in thicker
layers, remaining almost unchanged at /=20 and 6C pm.
In a cell with /=130 pm, deterioration of CLC spiral
uniformity begins to result in an appreciable decrease
in the power radiated in the harmonic. Thus, conver-
sion is most efficient in THG in CLC layers onthe or-
der of ten microns thick; the texture of CLC is least
critical to thickness variation in cells several tens of
microns in thickness. In the layer with =8 iim, the
(energy) coefficient of conversion to radiation in the
harmonic was 1.4°10°; the corresponding effective
nonlinear susceptibility was X5, =3.3 - 10 cgs esu.

In a theoretical analysis of wave interactions in poly-
domain LC, it is necessary to remember that both the
pitch of the spiral and the direction of its axis are ran-
dom variables. The corresponding calculations are
given in Ref. 70 for CLC nonlinear optics. It can be
shown that the randomness of the pitch distribution at
small I (I < Ap, where Ap is the spiral-pitch disper-
sion) has no significant influence, and that P,, ~12(1
~p in very thin cells, so that boundary effects must be
considered). For thick cells, P,, ~I (compare with
Ref. 55) at a constant Ap; but the saturation (and pos-
sibly even the drop) of the P,,(l) curve is explained by
an increase of Ap with increasing /.

d) Parametric interactions of light waves in LC

Frequency-degenerate interactions in LC have not yet
been investigated experimentally or subjected to detailed

p, ~? should hold in an ideal single-crystal specimen.!®
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theoretical analysis; at the same time, such studies
are obviously promising, primarily in light of the often
discussed"® 7 possibility of obtaining synchronous
conversion of colliding waves.

The feasibility of bringing about interactions of colli-
ding waves in LC results from the previously discussed
compensation of the wave detuning with the reciprocal-
lattice vector of the LC structure, i.e., by using dis-
tributed feedback (DFB) of waves of mismatched fre-
quencies. DFB in quantum generators makes it pos-
sible to get by without a mirror resonator and, if
smooth variation of the parameters is possible, to
tune the frequency within the amplification loop. A gen-
erator with DFB provided by parametric interaction of
waves using a pump wave at the sum or difference fre-
quency can work even without laser amplification.™
The main problem encountered in building one consists
of meeting the phase-synchronism condition. For a
three-photon interaction w; + w, =w, (the pump wave w,
and the idler wave w, propagate in the direction oppo-
site that of the signal wave w,), this condition takes the
form wy/w,=(n - n,)/(ny +n;), where ny5,, are the re-
fractive indexes at the respective frequencies; for four-
photon interaction, 2w,=w; + w; and wy/2w,=(ny - n,)/
(n1 +m). These conditions are satisfied only if n, >n,;
consequently, the three-photon interaction is possible
in media with anomalous dispersion or in birefringent
media (the four-photon interaction is also possible in
the normal-dispersion range). In isotropic media, the
difference ny — n, can be increased by injecting impuri-
ties, but the ratio wy/w, then becomes small. Use of
media that are periodically inhomogeneous in space to
provide phase synchronism (in particular, CLC) makes
it possible to avoid rigid frequency limitations. If q is
the reciprocal-lattice vector of this medium and « is
the angle between q and the pump wave vector k,, the
synchronoism condition assumes the form

©y=ny0,—V b} c3g —2n pcq-c0s @ T:-_': H (12)

for the three-photon interaction (for the four-photon in-
teraction, w, is replaced by 2w,) and the inequalities

wy ¥ w, and ny >n, become superfluous. Another way to
meet the synchronism conditions is to use waveguide
films'®; the use of NLC is natural in this case.

Together with such advantages as the absence of the
mirror resonator and the possibility of retuning the out-
put frequency when the pump frequency is changed or on
a change in synchronism conditions (by varying o or
ny — ny by adding impurities, changing the temperature,
or rotating the cell with the LC), the generator scheme
described above makes it possible to use a broad-band
pump with significant narrowing of the spectrum of the
signal (backward) wave {w,).”

Additional possibilities result from the use of nonlin-
ear media in which amplification conditions are created
at the idler or signal frequency (population inversion at
the appropriate levels). Such media can be made by in-
jecting various laser dyes into CLC. As compared to
the series amplification and parametric conversion
scheme, laser amplification and parametric interaction
in the same medium™ (superheterodyne amplification)
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reduces the influence of amplification saturation ef-
fects.® In addition, the former scheme does not per-
mit efficient utilization of a broad-band pump.

Use of the superheterodyne amplification principle
was analyzed theoretically in Refs. 79, 80, and 17. It
was shown that the creation of an inversion at the signal
or idler frequency: (1) lowers the generation threshold;
(2) makes it possible to obtain the practical quantum-
yield limit at lower pump levels; and (3) permits gen-
eration with upward frequency conversion.

Considering the comparative simplicity of changing
the pitch of the CLC spiral and the already demonstrat-
ed efficiency of dye lasers® ™" in liquid-crystal ma-
trices, we may conclude that the described principle is
attractive for the design of tunable parametric genera-
tors with broadband pumps and tunable mirrorless las- .
ers controlled by parametric pumps; these energy-effi-
cient systems are of special interest for integrated op-
tics.

3. NONLINEAR-OPTICAL METHODS FOR STUDY
OF PHASE TRANSITIONS. MEASUREMENT OF
HIGHER DISTRIBUTION-FUNCTION MOMENTS

Let us now discuss a second aspect of LC nonlinear
optics—use of the methods of nonlinear spectroscopy to
obtain new information on the structure of LC. In the
PT range, nonlinear optical conversions make it pos-
sible to measure higher moments of the distribution
functions of LC molecules. Inferences as to the sym-
metries of LC obtained from SHG measurements were
already discussed in Sec. 1. Here we shall concern
ourselves with effects based on the third-order nonlin-
ear optical susceptibility.

a) Specifics of orientation effects in LC. The Kerr effect

The optical Kerr effect has been used to investigate
pretransition phenomena in NLC at the PT from iso-
tropic to nematic.8*'**¥ gimilar studies were report-
ed in Ref. 81 for plastic crystals. The interaction of
light with LC must be brought about by a high-frequency
Kerr-effect-type mechanism, since the heavy mole-
cules of the crystals cannot keep up with the optical-
frequency perturbation. Intermolecular interaction
forces governing the orientation order in the NLS make
it difficult for the molecules to rotate about their short
axis,! and nematic packing may improve conditions for
rotation of the molecules around their long axes as com-
pared to the isotropic phase; this actually reduces the
relaxation time of the transverse dielectric permittivity
component.& Rotation around the long axes may also
be made difficult in the presence of appreciable optical
biaxiality of the LC molecules, as discussed earlier;
this is .especially important in experiments with orient-
ed LC cells.

Various group moments of the molecules (methoxy-
group and azoxy-bridge dipoles''™®) may contribute to
orientational polarization.  For example, the relaxa-
tion time characterizing the rotation of the methoxy
group in the PAA NLC is 3107 sec,'”® and these mole-
cules have a noticeable response even to short laser
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pulses; in NLC, therefore, many features of the low-
frequency Kerr effect can also be manifested in the op-
tical reglon. Moreover, interpretation of orientation
effects becomes more difficult for LLC with ferroelec-
tric** 1% and paramagnetic'! (see also Ref. 83) prop-
erties.

Let us consider aspects of the Kerr effect in the pre-
transition range of the isotropic phase of an NLC 24
At temperatures significantly above the temperature Tx
of the PT to the isotropic phase, compounds that form
LC exhibit the ordinary Kerr effect in electric fields.
With the approach to T, the Kerr constants of LC sub-
stances change sign in some cases* and increase sharp-
ly in others,® reaching values 200 times greater than
the Kerr constant of nitrobenzene. These anomalies
are explained by the presence of nuclei of the LC phase
in the isotropic liquid- molecular aggregates with close-
range orientational order that simultaneously lower the
Kerr-effect response speed to 107 - 107 sec (Ref. 4;
see also Ref. 86).

The order parameter S for the Kerr effect can be
determined from the relation (below we follow the re-
sults of Ref. 10, 14, 87)

g, = &) — &, = SAs, (13)

where &1 and €. are the optical-susceptibility compo-

nents parallel and perpendicular, respectively, to the
applied linearly polarized field E and Ac is the aniso-
tropy at complete alignment of the molecules.

Minimization of the free energy density with respect
‘to S yields the following expression for the refractive
index anisotropy 0n induced by molecular ordering:

Cn(Aep | E |8
6":—3@(1'-—1'“) , (14)

where @ is a constant.

The dynamic properties of light-induced anisotropy
are described by the relation

Sw= | AL 0 (— 42 ar, (15)

—00

where T =7/A =n/a(T - Tx) is the order parameter re-
laxation time (1 is the viscosity).

If the duration of the light pulse is shorter than 7, the
order parameter S and, consequently, the induced opti-
cal anisotropy 6n decrease exponentially with a time
constant 7, with the relaxation time varying in accord-
ance with the law (T - Ty¢)™ as T—Tx. This is an ana-
logy to the well-known critical inhibition of induced
magnetization in a paramagnetic crystal near the para-
magnetic-ferromagnetic transition point.

By measuring the nonstationary response 6n(t) indu-
ced by a pulse |E|? of specified shape, we can find 7
and the third-order nonlinear susceptibility:

(Aept
e T Ty (18)

A result of their critical divergence (T — Tx) is that the

xE =

{2)The Kerr effect is masked in the nematic phase by other,
stronger orientation effects.>4
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FIG. 7. a) Third-order nonlinear susceptibility in MBBA vs,
temperature [1) experimental data from measurements of
optical Kerr effect; 2) from measurements of polarization-el-
lipse rotation. The solid curve represents theory]; b) relaxa-
tion time T as a function of temperature of MBBA (the solid
curve represents theory, the plotted points the experimental
data) *1

values of the anisotropy 6n and of the time to establish
it in the isotropic phase of the LC compound are much
larger, especially near the PT point, than in an ordi-
nary liguid. These relationships were investigated ex-
perimentally in Refs. 10, 14, and 87. A strong laser
pulse is used to induce optical anisotropy (S# 0); on the
other hand, a weak continuous laser beam is used to
probe the induced optical anisotropy. Since 7 2107 sec
for LC, the laser-pulse parameters needed for the ex-
periment are obtained either by @-switching or by weak-
ly-coupled-mode operation. Experiments of this kind
have been performed with a large number of nematic
compounds. The curves in Fig. 7 clearly demonstrate
the critical divergence of x¥ and 7 for an MBBA NLC;
the values of X3 and 7 shown in Fig. 7 are far larger
than the corresponding values for ordinary liquids.
At T- Ty =5°C, xX¥(MBBA) =2.7-10™" cgs esu—avalue
nearly 100 times the cubic susceptibility of the well-
known Kerr liquid CS, at room temperature, and
7(MBBA) ~100 nsec—5 * 10* times greater than
7(CS,). Such large values of X¥ and T appear to be
characteristic for LC (Table IV and Fig. 8). Because
of the high values of the optical Kerr constants and the
relaxation constants, LC in the isotropic phase are
ideal systems for investigating the self-focusing of light.
The constant-field Kerr effect is characterized by a
temperature dependence different from (7 - Ty )L 848
It was shown in Ref. 87, a study of a homologous Series
of LC with different numbers of methylene groups, that
this results from the local-field correction; the tem-
perature dependence of the Kerr effect enables us to
separate the contributions of constant and induced di-
poles to the Kerr constant.

TABLE IV. Parameters of Kerr effect in nematic liquid crys-
tals.!?

5 @ -1 | 3T - 1)
Compound R T, ¢ | U Tl g W
* 1078 secK 10-10cgs esu-K
CH .7 57 13.
Callp — (CeHyy—CH: N—{GH) —R { GH, | 676 5 5E
(C:rh, 130.7 8,5 1(5; .
> 161.0 7.5 10.
RO—(CiHg) ~Ng0—(C,H)—OR ¢ CiH}, | M50 | 25 5.6
CeH;y | 126.0 15 4.7
C,Hy, | 121.3 15 5.4
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FIG. 8. Experimental plots of x ¥ (a) and 7 (b} against temperature for the homologous series CyHyy, — O— CgHg— N,O~ CgH,

~ OCyH,y,; with N=1 and N=7. The solid lines represent theory.

An interesting result was obtained in Ref. 10: addi-
tion of CH; groups to the alkyl chain in a homologous
series of NLC increases the average polarizability
much more than the polarizability anisotropy.

Nonlinear optical measurement enable us to make
quantitative estimates not only of the nonlinear suscep-
tibilities, but also of other parameters of the medium;
in addition to the order parameter and the refractive-
index anisotropy, it is possible to obtain the values of
T*, the fictitious temperature of the second-order PT;
the viscosity n; and a, b, and d, the coefficients of the
Landau expansion for the free energy. These param-
eters were measured in Ref. 8 for a homogeneous ser-
ies of LC; the remaining parameters in Table V were
calculated from measurements of the PT temperature
Tk, the macroscopic order parameter Sx at T'=Tk,
the refractive-index anisotropy 6n, and the transition
latent heat AH_ . The variation of the Landau param-
eter in the mixtures suggests that the average-field
theory is not a good approximation for description of the
“isotropic liquid-nematic” transition in these mixtures.
We note also that the latent heat AH calculated from
the formula AH = 3aTxS%/4 differs appreciably from the
experimental values, especially in the higher members
of the homologous series.

b} Raman spectra and active Raman spectroscopy

Raman and active Raman spectroscopy (ARS), which
have developed rapidly in recent years,®offer a con-
venient method for quantitative analysis of the rotation-

TABLE V. Parameters characterizing phase transition for
homologous NLC seriersa with structure CHy— (CHy)pay— O—
(CgHy) — NoO— (CgHy) — O~ (CHy) juq — (CHy).

N 1 2 3 ! 5 6 7
Ty, °C 132.7 {163.1 1119.95 l129.9 |118.6 [123.9 [119.3
X 0.400| 0.574| 0.395| 0.475] 0.358] 0.437] 0.431
on 108.9 |97.1 | 87.2 [79.0 | 74.9 | 64.5 |60.9
AHexp 108 ergfem® | 25.4 |52.5 | 22.8 [ 3.4 | 19.9 | 26.2 [ 235
Ty—T*, 3.0 | 3.8 ) 275 49 | 44| 09 | 07
AT, 10-° sec-K 90 80 180  hs5s (240 150  [140
BAT, 105 cgsesu*) | 10.5 | 9.2 | 9.0 189 | 6.4 | 39 | 22
7, 10- 3. 62.6 152.1 ] 959 |68.9 [135.4 11054 1154.3
a, 10+ €r/em K 6.69 | 6.521 533 4.45( 5.57( 7.00 | 10.81
b, 107 erg/em’ 2.0 [ 19.4 | 15.0 |17.9 | 244 | 4.4 | 6.0
4, 107 erg/em M 1273 1297 1201 | 49.4 | 6.9 101
AHiheor 10° erg/em® | 33.9 | 56.9 | 24.6 (303 | 20.9 | 39.8 |59.0

*) The constant B=20x{/nc.
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al and other kinetic properties of molecules, aswell.

as the vibrational dynamics of substances in the meso-
phase 20?3:% They make it possible to find higher mo-
ments of the LC’s distribution function for any valence
bond in the molecule, including those for terminal
groups. The latter is important for establishment of
the part played by individual molecule groups in forma-
tion of the mesophase.

Moreover, study of the Raman spectra and their tem-
perature dependence enables us to follow structural
changes in LC at PT.* The ARS method can be used to
probe local new-phase nucleation processes at PT and,
in rather simple fashion, to measure third-order reso-
nant and nonresonant susceptibilities” ?*; polarization
measurements are especially valuable here.*® The
structural changes and ordering that occur at PT are
reflected primarily in the low-frequency spectrum and
less strongly in the high-frequency spectrum.®®®

1) Determination of distribution-function
moments. Since NLC molecules are treated as rigid
rods in the simplest model, the orientational ordering of
the moleculesis describedby a functionf (6) that depends
onthe angle  between the axis of the molecule and the direc-
tor n.2** The average values of S, ~{P,.( cosé)) which,
being nonzero only in an anisotropic system, can be
regarded as orientational order parameters of the LC,’
figure as coefficients in the expansion of f(8) in Le-
gendre polynomials P,,cosf. Several remarks are in
order here. First of all, the expansion of f{6) in even
Legendre polynomials only is equivalent to the assump-
tion that the directions (+n) and (~n) in the LC are in-
distinguishable. This makes it necessary to modify it
for LC that exhibit ferroelectric properties (the inter-
molecular-interaction mechanism is modified here).

Secondly, the assumption that the molecules of the LC
are axially symmetric rigid rods is a rather crude one.
Generally, the angular distribution function of the mole-
cules must depend on the three Euler angles f(g, 6, )
(biaxiality of the LC). This leads to the appearance ot
additional terms in the expression for the order param-
eter.2"*® However, the biaxiality is still small and
should be manifested only in special cases: NMR,*™
OA and the linear electrooptical effect,*> and SHG."
On the other hand, polarization Raman scattering
studies of LC orientational order are fairly insensitive
to such local biaxiality.zu
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Thirdly, quantitative agreement between theory and
experiment requires correction of calculations made
under the Maier-Saupe theory to take into account the
local-field anisotropy of the light wave in the LC and the
influence of close-range ordering, which determines
the correlation of the oriented pairs.??!

Fourthly and finally, it must be remembered that
typical LC molecules have a rigid central part with
mobile terminal groups (usually hydrocarboxyl), whose
presence may change the relaxation times of various
orientational effects.!* ™

To clarify the physics of LC, therefore, it will be
necessary to investigate the higher moments of the ori-
entation distribution functions of their molecules.

References 20~21 and 89 were the first experimental
studies devoted to this problem. Polarization measure-
ments of spontaneous RS in oriented NLC and SLC spec-
imens were made in Ref. 20, The depolarization coef-
ficients (ratios of the corresponding scattered-1light in-
tensities, Ry=1,/I,,; Ry=1,/1,, Ry=1I,/1,) were mea-
sured in various experimental geometries for homeo-
tropic and homogeneous orientation of the specimen,
together with R, the isotropic-phase depolarization co-
efficient. Calculation relates the four measured quan-
tities to the order parameters S; and S; and to the spon-
taneous-RS tensor components of the vibration being
studied.

An MBBA-BBCA (N-(p’-butoxybenzylidene)p-cyano-
aniline) mixture was investigated in the experiment.

. The BBCA test molecule (up to 20% in the mixture) is
structurally similar to MBBA and has a terminal CN
group with its axis parallel to the principal axis of the
molecule. The group has a strong narrow anisotropic
Raman band at around 2225 cm'l, which is spectrally
isolated from the other BBCA and MBBA bands. The
orientation of the BBCA molecules presumably follows
that of the MBBA molecules (“host-guest” effect),! so
that studies of the BBCA vibrations yielded information
on the order parameter of the MBBA. Quantitative or-
ientation-statistics data were obtained in this study both
for pure MBBA and in the mixture of smectic liquid
crystals.

Comparison of theory with experiment showed sub-
stantial disagreement: while agreement with the cor-
rected variants of the Maier-Saupe theory was obtained
for S;, the experimental value of S, differed significant-
ly from theory. Possible explanations of this disagree-
ment can be offered within the framework of the re-
marks made above; allowance for local-field anisotropy
is probably most important.21

A monotonic decrease of the degree of orientational
order is observed in various LC with the approach to
the PT point (Fig. 9).2°% The values of S, and S; in-
crease when the anisotropy of the local field is taken
into account; the relative changes are particularly
large for S; and reach 100-150% near the PT. K the
local-field anisotropy near Tx were not taken into ac-
count, the parameter S; could have been negativez";
this is eliminated when anisotropy is taken into account.
Since the S;/S; ratios are not small, allowance for
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FIG. 9. Temperainre variation of order parameters S, and S,
in NLC E06T (a) and E08T (b) as obtained by various methods,
1, 2) Raman scattering; 1’, 2’) optical probing, Calculation
made in the isotropic local field approximation (1, 1‘) and with
allowance for local-field anisotropy (2, 2’). The dot-dash
lines correspond to a calculation based on the Maier-Saupe
theory.

higher-order moments is necessary in experimental
determination of the distribution function.

2) Measurement of third-order nonlinear
susceptibilities. Amplitude ARS was used in Ref.
22 tomeasure the dispersion curves of the third-order non-
linear susceptibility of the MBBA NLC. The measure-
ments, which were made inboththe nematic and theiso-
tropic phases, made it possible to determineboththe mag-
nitudes and signs of the electron (nonresonant) and Raman
(resonant) susceptibilities X™ and X” in the neighborhood
of the strong spontaneous RS line of MBBA at v =1164
em™. The individual components of these tensors were
measured in Ref. 23 (Table VI) in an oriented MBBA
specimen. Figure 10 shows experimental curves of the
dispersion of %)?S)l . & was also found”® that the ratio
X7/X™ >0 and that its sign does not change at PT; the
nonresonant part of the component x1j3; did not change
(within the limits of experimental error) at the PT,
while the resonant part xf;1 was 1.5 times larger in
the nematic than in the isotropic phase.

It should be noted that the possibility of SHG in the
oriented NLC cells was not taken into consideration in
interpreting the third-order nonlinear-susceptibility
measurements in Refs. 22-23, i.e., the possibly sub-
stantial contribution of cascade processes was not taken
into account; in addition, it is necessary to take into

TABLE VI. Third-order nonlinear susceptibilities in isotropic
and nematic phases,??3

< o o
Z= z3 zZ3
8% on 24 5 §
G e i Il B
Tz < X< < <
zd =3 z3 =3 'E z3 v_E
) = e Sx', | 82"
sz \(dx (5 (5 1 (5 E
Isotropic phase
1yl 4+40.5 2142 5.410.5 1945 541
Nematic phase
1%l 6.541 31+3 541 29:4-8 542
Y 5.1+£0.5 30.4+2 5.94+1 — —
Yasss 10,82 2%.4%3 | 2.3%2 — —
As1is 6.20+0.5 28.9+1 4.65+1 — —
Y1aat 37.5+5 112.8+1 4.7+1 —_ _
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94, where it was possible for the first time to measure
the hydrodynamic relaxation rate of inhomogeneities in
orlented water-lipid smectics.

l.xm'x 5

2k

It is interesting to discuss the spectrum of light scat-

0'E tering in LC.}***¥ It is known that a Rayleigh-line
i P wing due to light scattering by orientation fluctuations
r of individual molecules is observed in all liquids that
w't L 1o L ) . consist of anisotropic molecules. In LC, this is caused
1140 150 180 1200 Av’ﬁ,{,ﬂa 140 160 10 1200 ’ﬁ”wd by order-parameter fluctuations. In addition to a rela-
’ b ’ tively weak but broad line centered on the laser fre-
FIG. 10. Dispersion of cubic susceptibility of MBBA.?? a) quency, the light-scattering spectrum of an LC con-

isotropic phase, cell length 2 cm; T —T ,=0.2°C (1), 28°C (2); tains a strong narrow line with a half-width of ~100

b) nematic phase, NLC layer thickness 70 ym, Ty—T=14.4°C;  MHz.® This might be explained by taking into account

thickness of glass base I;=320 ym (1); 480 m (2). corrections for the temporal and spatial inhomogeneity
of the local field. The average-field approximation de-

account their influence on the structure of the LC in scribes the orientation fluctuations in a smoothed local

strong laser fields. field and predicts a Lorentz line counter with critical
linewidth behavior for the scattered radiation. Ina

¢) Induced scattering, more exact description, the problem of the reradiation

by N interacting molecules reduces to a problem with
N coupled oscillators (which describe the orientational
motion). In the strong-damping limit, a system of N
coupled oscillators has a large number of resonance
lines, whose frequencies are negligibly small compared
to their widths. Thus, a number of Lorentz lines with
various widths, centered on the zero frequency, form
in the scattering spectrum. The width of the narrowest
of these lines depends critically on temperature via the
smoothed local field. The other lines are much broad-
er; they vary weakly with temperature and characterize
basically the orientational fluctuations of single mole-
The nonstationary characteristics of IS are also re- cules.%® \
lated to self-focusing; this is illustrated by Fig. 11b,
which shows the IMBS output power as a function of the
ratio of the pump power P to the critical self-focusing
power P, for various ratios of the pump-pulse dura-
tion 7, to the relaxation time 7 of the EBBA (p-ethoxy-
benzylidene-p-butylaniline) NLC ®

No systematic studies of induced scattering (IS) in LC
have been made. Among the results obtained thus far,
we might note characteristic dependences of the IS
thresholds on temperature in the PT range.® The IRS
threshold decreases as T approaches Ty from above
(it is possible that it rises again in the immediate vici-
nity of 7Tx); the IMBS threshold, on the contrary, in-
creases (Fig. 11a). Observation of the transverse
structure of the beam passing through the LC indicated
that self-focusing of the laser radiation influences the
IS threshold.

The high accuracy and directness of nonlinear optical
methods for study of pretransition effects in LC have
already been demonstrated. In addition to broadening
the range of LC compounds, they now offer progress in
analysis of transitions between various mesophases and
in analysis of heterostructures, using highly developed

IRS spectra in the isotropic phase of MBBA activated statistical methods to reduce the results.
with dyes were investigated in Ref. 93.

The possibilities of IRS in studies of the influence of 4. SELF-ACTION EFFECTS OF STRONG
molecular structure on X must be stressed: we may RADIATION IN LC
expect a significant lowering of the IRS threshold as the
length of the conjugate-bond system in the LC molecule
increases.

The use of light self-action effects in LC, especially
in the PT range, where the specific properties of LC
become most conspicuous, is an example of how the
Induced Rayleigh scattering (IR1S) was studied in Ref. use of new materials can yield essentially new informa-
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FIG. 11. a) Threshold power of IRS (1) and IMBS (2)% (the laser-pump pulse (I) and the scattered-radiation pulses at T = 44,8°C
(III) and 45.1°C (II) are shown at the top); b) backward IMBS output power vs. pump power at various values of 'r’/-r (EBBA NL(C) 2
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FIG. 12. Self-focusing threshold power Py, vs. temperature of
MBBA in isotropic phase (a) and vs. cell length (b) at T=53°C
(1) and 47.8°C (2).*

tion on the course of classical nonlinear effects. First
of all we are dealing here with self-focusing of light
(SF), with its importance for nonlinear optics. The
problem of quantitative description of SF and eompari-
son of experiment with theory is a highly urgent one,
and there are practically no reliable experimental data
for nonstationary SF. This problem has been solved
for LC, where the only quantitative experimental re-
sults thus far have been obtained on nonstationary SF in
a liquid;m in addition, by varying the temperature of a
single LC specimen, it is possible to investigate SF in
all regimes: from stationary (r,> 7) through the inter-
mediate range (7,~7) to the nonstationary regime (7,
<7). LC may also provide the first case of a medium
in which the nature of SF is strongly influenced by the
SD of nonlinear response.

a) Self-focusing of fight

1) Experimental observation. Stationary
and nonstationary regimes. The first data on
SFin LC were obtainedin Ref. 92in a study of the IR Sand
IMBSthresholdsinthe PT range. A later study®reported
onthe results of the first direct observations of SF; SF was
investigated as a function of the length and temperature
of a cell containing MBBA in the isotropic phase. The
experimental results basically agreed with theoretical
predictions'®:as a result of strong molecular aniso-
tropy, comparatively weak laser fields are capable of
causing appreciable ordering of the LC’s isotropic
phase.

The work was done with an MBBA NLS (PT tempera-
ture about 46.8°C). The threshold power of the SF
beam was studied as a function of temperature in a cell
of length /=30 cm; P,, was also measured as a func-
tion of cell length at various temperatures (Fig. 12).
The plots of VP against 1/ are linear, in agreement
with theory. It is significant that the threshold power
of SF in MBBA is nearly two orders below the corres-
ponding value for CS,.

Measurements of nonstationary SF are of the great-
est interest.®"'® By varying the temperature of a suit-

13)gince the values of 7 lie in the picosecond range for ordinary
liquids, observation of nonstationary SF would require pico-
second laser pulses, techniques for generations of which are
not now adequately developed.
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FIG. 13. Beam self-focusing radius vs, power. The arrows
indicate the IMBS (1) and IRS (2) threshold powers.!”

able LC compound, it is possible to vary the relaxation
time 7 in a range from 7 >7, to T <«<7,, this means that
both quasistationary and nonstationary SF can be stud-
ied with the same pulse from a @-switched laser. The
refractive-index increment 8n induced by the laser field
E (n=ny+6n(| E|?) is given by the expression'™

i

niy="2 { 1E@W) P

-

X exp (——L:;L)dt', a7
where n, is a parameter of the medium. K 7,>7
on () =n* | E (1) I (18)
and if T, <7
t
bn (1) ="~ 5 | E (') |24, (19)

Theoretical analysis of SF has advanced rather far for
the first casem; analysis of nonstationary SF is possi-
ble basically with the aid of numerical methods.'®

The results of experimental nonstationary SF studies
in the isotropic phase of the MBBA NLC® (a single-mode
ruby laser with 7,=10 nsec and a peak power of 50 kW
was used) agree well with the corresponding calcula-
tions." An almost exponential decrease of the radius
of a self-focusing beam with increasing power was ob-
tained (Fig. 13); the minimum beam size was limited at
P/P; =20 (P, =0.12 kW), an effect that the authors be-
lieved due to two-photon absorption.

Systematic and complete measurements have been
made for EBBA NLC in the isotropic phase.® The
results were used to find the 7-dependence of the non-
linearity parameters:

n, = 6.35.10-° (cgs esw.K) (T — T*)-1,

T = £2800K/T).7 0101 (nsec+K) (T — T*)-1,
where T* =Tk - 1.0 K, and also of the critical power
P, (Table VII).

(20)

Complete quantitative comparison of theory and ex-

TABLE VII. Parameters of self-focusing in EBBA,!%

P,
T, °C T, nsec A7 10-1’1‘2‘{35 esu k%
79.7 72.5 0.21 237 0.071
9.0 7.25 2.07 33.4 0.503
112.0 2.87 5.2 18.2 0.926
130.8 1.33 11.3 11.8 1.420 J
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periment over the entire range of parameters is hamp-
ered by the lack of detailed numerical calculations.

The factors that limit the diameter of the beam in SF
and polarization effects, with allowance for which the
nonstationarity of the process may result in sharp anis-
otro;l)oy. of the beam, also require further investiga-
tion.

2) Self-focusing near a phase transition.
Influence of SD of nonlinear susceptibil -
ity. In addition to the sharp temperature dependence
of the relaxation times in the PT range, there is a char-
acteristic increase in the relative contribution of spa-
tial-nonlocalism effects in nonlinear establishment of
orientation,'® SD effects are more conspicuous in L.C
than in ordinary liquids; still, they remain weak, be-
cause the influence of the dispersion on SF threshold
characteristics may be evident only in the immediate
vicinity of the PT point, which is difficult of access in
experiment. At the same time, certain qualitatively
new aspects of SF are related to the SD of nonlinearity.

Spatial nonlocalism of nonlinear susceptibility due to
laser heating and the intrinsic SD of the order param-
eter may result in the appearance of quasiwaveguide SF
regimes; the SD of nonlinearity also explains the satu-
ration of minimum beam radius that is observed in ex-
periments at high powers and the stability against lay-
ering of the beam into individual filaments, even at
appreciable excesses over threshold, which is uncom-
mon for ordinary liquids.

The variation of the slow complex amplitude A of the

linearly polarized wave is described by the equation"’1

a i 1 4
(Tt Au b op +8) A="02 (21)
here z is the propagation coordinate, % is the wave
number, A.=23"/3x*+2?/0y* and v,, is the group velo-
city. The establishment of the order parameter is de-
scribed by

2,142

1]Z—f+a(T—T‘)S=LALS+—9—, (22)

where L=a(T - T*)L /4, L, is the molecular correla-
tion radius, b is the absorption coefficient, and 7 is
the viscosity. Near the PT, the relaxation time 7
~n/a(T ~ T*) varies sharply with temperature, so that
the influence of laser heating may be decisive, espe-
cially in a quasistationary regime. The variation of the
medium’s temperature is described by the heat conduc-

tion equation'®

(23)

ar 8en | A2 |
Co g =»ba T+ —5—:

8
where % is the thermal conductivity, C is the heat capa-
city, and p is the density.

System (21)-(23) was analyzed in the paraxial approx-
imation; it has also been subject to detailed numerical
analysis.!® The “repulsive forces” governed by the SD
of the order parameter and by heating of the medium
prevent SF and come to dominate at small spatial
scales: the diameter of the beam oscillates and its
largest cross section is equal to its entrance cross sec-
tion. With increasing power and weakening of the or-
der-parameter SD, the depth of the beam-width beats
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decreases sharply just above threshold. The weak
heating of the medium at small excesses over threshold
does not affect the stabilization of the minimum cross
section, but the nonlocalism of the heating asserts it-
self strongly at high powers, preventing collapse of the
beam-~the depth of the beats increases. Mutual com-
pensation of these effects results in the stabilization of
minimum laser-beam cross section that was recorded
in Ref. 103.

b) Defocusing of light. The thermal-lens effect

The thermal-lens effect (TLE) was first observed ex-
perimentally in Ref. 106; it has since been the object
of many theoretical investigations (see Ref. 101), The
TLE results from the change in the refractive index on
lager heating of the medium; SF is observed in materi-
als with dn/dT > 0 and defocusing at dn/dT <0. The
far-field pattern shows interference with a characteris-
tic ring structure.'®?

The TLE in a thin layer of MBBA NCL was investi-
gated in Ref. 108; as a result of the LC’s birefringence,
both SF and defocusing were observed, depending on
the polarization of the laser beam. The experiment
was performed with a 30-um MBBA cell at tempera-
tures from 10 to-43°C. The laser radiation (argon
laser with outputs up to 180 mW in a beam 100 um in
diameter) was Incident perpendicular to the plane of
the cell and could be polarized either parallel (E.) or
perpendicular (E.) to the director. The authors ob-
served the appearance of a ring structure, with the
polarization E. corresponding to a spot of smaller dia-
meter than E, at a given laser power. In Ref. 109, the
TLE was used to measure the heat capacity C, and
thermal conductivity A of the isotropic MBBA phase
near T=Tk. A microcomputer was used in the experi-
ment so that the fluctuations of the measured param-
eters could be monitored and the experiment could be
repeated several times in the same temperature range.
The optical length of the cell with the MBBA LC was 1
cm; the temperature was stable to within +0.01°C.
Easily observed thermal lenses were formed at a power
of 50 mW.

A modified Jamin interferometer was used to record
the refractive-index changeAn as a function of tempera-
ture (Fig. 14). Appropriate reduction of the results
yielded C,, A, and the diffusion coefficient as functions
of temperature (see also Ref. 125).

g
10°An

-2+

0 R VR T

T-5,% _
FIG. 14. Variation of An with temperature in TLE,'® T, is
the induced-transparency temperature of the specimen. T, is
the temperature at which the ring structure is blurred by the
turbidity of the medium.
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c) Light-induced change in LC structure

The changes in the structure of LC under the action of
magnetic and electric fields, static and low-frequency,
have been studied 1n detail both theoretically and exper-
imentauy.z * The current broadening of research on
nonlinear optical effects makes analysis of LC deforma-
tion by high-intensity electromagnetic fields a priority
problem. An example of these deformations is the in-
crease in the pitch of the cholesteric structure in the
field of a traveling wave''® with a frequency outside of
the circular-dichroism band.®® Such a structure can
be induced in the liquid by a spiral standing wave.'!
Here the index of dichroism is proportional to the in-
tensity and the rotatory power is a square-law function,
with estimates indicating that its magnitude is com-
paraPllze to the rotatory power for optically active crys-
tals.

Recently, there has been substantial interest in the
study of the characteristics of various physical systems
by measuring the decay time of periodic gratings induced
in such media with the aid of laser fields. Gratings of
this kind are investigated in holographic and laser
systems (DFB lasers''™) and resonant media.!’"'*

LC, whose high sensitivity to external fields makes it
easy to create such periodic structures, are promising
from this st::mdpoi.nt.5 5 giructures induced within
laser resonators are especially valuable here.!'®!"

1) Induction of line gratings in LC. Ob-
servations of reorientations of LC in a laser field were
reported in Ref. 5. Regions with an unstable orientation
different from the original planar orientation form in the
LC layer; the reorientation is stable at energy densities
20.1 J/cm®. A reversible record with high spatial res-
olution could be obtained from the irradiated LC layer.

Active Rayleigh-scattering spectroscopy was used in a
study of LC gratings in Ref. 94 to determine the relaxa-
tion rates of local water-concentration fluctuations in
oriented water-lipid smectics (WLS). (WLS are good
models for biological membranes.) The grating in Ref.
94 was created by superposing argon-laser beams (A
=5145 A) in the specimen, where the intensity distri-
bution took the form

I =F(z, ¥, 2) [1 + cos (gez + W), (29)
where gy =4n/x * sin(62), 0 is the angle between beams,
the function F(x, v, z) describes the profiles of the
beams, and ¥ is the phase shift between them. Forma-
tion of the diffraction grating causes local heating at the
interference maxima, and this changes the refractive
index. Disappearance of the Bragg diffraction maxima
on the induced grating is observed with a probing HeNe
laser when one of the argon-laser beams is switched off,
so that the relaxation time can be determined. The
main source of error is the presence, in addition to
Bragg diffraction on the periodic part of (24), of dif-
fraction on inhomogeneities of the weakly variable func-
tion F(x,y,z). This effect can be eliminated by hetero-
dyning; the Bragg signal then has typical efficiency of
the order of 10®. The experiment made is possible to
observe both relaxation of water-concentration fluctua-
tions in a WLS with a time constant 72Mqy) =Dg’ and
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FIG. 15. a) Fluctuation relaxation rate in IRIS as a function of
grating period 27/q, (the upper row of circles represent ther-
mal diffusion, the lower row water-concentration fluctuations;
the solid lines represent theory); * b) temperature dependence
of D for WLS specimens containing various amounts of water®
(1) 10%; 2) 17%; 3) 21%; 4) 24%] .

thermal decay with 77 (gq) :xqf, (D and X are coefficients
of proportionality).

The results obtained in Ref. 94 (Fig. 15) provided the
first experimental proof of the importance of concentra-
tion relaxation, thereby confirming the validity of they
hydrodynamic WLS model.

2) Change in pitch of cholesteric struc-
ture in traveling-wave field. When a strong
circulalry polarized wave propagates along the axis of
a CLC, its period should increase,''° and the wave-
length range in which Bragg reflection occurs should
therefore be shifted. For small anisotropies
| £, | &, | <1, the variation of the reciprocal period is
described by
Ky (g—qo) = — eng’z' s (= Ve+20) [ea (& V5+qu)2]_1. (25)
where E; is the amplitude of the light wave and Ky, is
the constant of elasticity. The range of validity of this
result is limited to the rather high fields at which the
£(E) dependence can assert itself. Absorption (and the
associated laser heating of the medium) and, in thin
specimens, the boundary effect, may make observation
of the effect difficult.

3) Induction of cholesteric structure in -
NLC by the field of a spiral standing
wave (SSW). We present the basic results from
calculation of a new effect—the light-induced transition
from the nematic to the cholesteric phase of an LC in
the field of a laser SSW.!®

The variation of the slow amplitudes of the circularly
polarized field components in the LC is described by
the equations®®

d2 w2y [0
(G +-52) 4s+ 3 4

£2i0 _
- =0.

(26)

The light wave is assumed plane and 6 is the angular
variable that determines the director components. The
influence of the light field on @ is taken into account with
Euler-Lagrange equation

d20
dz?

— &g [Re (4,4%) sin 201 £ Tm (4, 4%) cos 29]%. 27)
22

Arakelyan et al. 263



It follows from (27) that a cholesteric structure is es-
tablished in the medium if the field is a superposition
of two colliding circularly polarized waves:

O=ks, Ay =2Eetits, k=c£l/eo+_°21, (28)

The solution (28) is valid for an unbounded medium; as
in the case of the Fredericks transition,®” inclusion of
boundary conditions results in the appearance of a
threshold-type dependence of the field on specimen
thickness.

The induced structure is distorted near the boundar-
ies of an LC of finite thickness with arbitrary boundary
conditions. The inhomogeneity-region dimension L;
can be found on the assumption that the SSW distortions
are small. Considering the least favorable boundary
condition §(0)=7/2, 8(z >1/2)=kz (I is the thickness),
we obtain

8= kz-}-arcsin (sch ;,i) ) (29)

where z° =Ky, /2¢,E5. Thus, the inhomogeneity region
becomes smaller as the intensity increases, and the
threshold intensity required to satisfy the inequality
L,<1/21is
T =S de (30)
When short laser pulses are considered, Eq. (27)
must be supplemented with a term for viscosity:

028 = Ky —eaB} () sin 20— ko)l (31)
This equation is valid if the pulse duration 7,>I/c;
l1>L,. An approximate solution that gives good accu-
racy for all z in the case of short, powerful pulses and
correctly describes the establishment of the steady
state is

0= kz—arctg e~WWighs (32)

here

P I
W(¢)=%‘%“l S E3 (0 d, W,=:,—,'(:'::.
When a pulsed laser source is used, the most important
characteristic requiring estimation is the time to es-
tablish a structure, which is determined from (32):
Ty=7cVe,/Bred. Structure is established after a time
of the order of 7, if
W Ve (33)

8ney

Numerical estimates made by formulas (30) and (33)
for MBBA give a threshold power Py, =5 mW and an

energy Wy, #30 J/cm? (=100 um, beam radius 30 pm).

The effect should therefore be observable not only in
the fields of powerful pulsed lasers (nonstationary re-
gime), but also in gas-laser fields (stationary regime).

The basic experimental difficulty is evidently that of
producing SSW in LC (compare with Ref. 124), It is
also necessary to consider other possible effects (ther-
mal, for example) of exposure of the LC to the laser
wave, effects that might reorient the LC. Major diffi-
culties also arise in observation of the induced struc-
ture. They are considerable even for induced line
gratings™; the best way to detect cholesteric structure
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is to observe the reflected wave with wave vector k'
that satisfies the resonance Bragg condition k' =k, +k,,
where k; is the wave vector of the weak probing wave
and k,=q. Here the angular width of resonance is de-
termined by the formula A¢=1/%l,, where I, is the
extinction length, I, =4 sinag2/(1 +cosa)*27g,. It
amounts to several degrees, and it is necessary that
1> 1, to register the reflected wave.

(d) LC interaresonator nonlinear elements

The operation of a new optical device—the bistable
Fabry-Perot resonator (FPR) was recently proposed
and demonstrated; it shows sharply nonlinear proper-
ties (for example, possesses hysteresis) and can func-
tion as an optical shutter, discriminator, front shaper,
or optical memory element.!’” Devices of this type
contain an electrooptical phase modulator with feedback
or a medium with a refractive-index nonlinearity inside
an FPR in which a saturating absorber is placed. NLC
are especially interesting in the latter case.

Systems of this kind with “artificially” created non-
linearity have a number of advantages: they can func-
tion at low optical levels, are free of limitations on
power or on operating time, and work over a broad
range of wavelengths, which is limited only by reflec-
tion at the mirrors and by absorption; in addition,
switching between the stable operating points can be
accomplished either electripally or optically.

The first studies of a nonlinear FPR using the Kerr
effect in the MBBA isotropic phase were carried out in
Ref. 116. Good agreement between theory and experi-
ment was obtained on the assumption that the refrac-
tive-index changes induced by the field influence only
the phase shift A®.

If a plane wave E,, () = #,(t}e"!*! strikes the FPR, the
field at its output has the form

t

Fun =T exp 1028 —1) ] (2540 =R trc e

—o

(34)

where T, =t/ |1 - R, exp(i®) | is the buildup time of the
field in the resonator, T and R are the transmission
and reflection coefficients of the FPR mirrors, d is
the length of the resonator, R, =R exp(- ad), o is the
damping coefficient, which includes all losses, and {;
=2dng/c. The phase shift A® induced by the optical
field satisfies the Debye relaxation equation

22+ AD=0 (| B 2+ | Byl (35)
(here 7, is the Debye relaxation time, E.4 and Eyy,
are the forward and backward waves inside the FPR,
and |E,,|* =nyT | Ewa|?). Equations (34) and (35) fully
describe the dynamic properties of the FPR and can be
solved numerically.

For MBBA at T =45°C we have n; =1.5-10" cgs esu,
7,=174 nsec, and @=0.22 cm™; experimentally, 7,
=0.55 nsec (d=1 cm, R=0.98). A Q-switched ruby .
laser was used to induce 6n(-r,~12 nsec, I=10 MW/cmz,
79=0.13 cm); the phase shift was measured with an
He-Ne laser. The measurements were made at detun-
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FIG. 16. Input I;,(¢) (1) and output I,,(¢) (2) intensities of non-
linear FPR as functions of time at three values of the delay
A®,.1'% The solid curves were calculated from Eqs. (34)—(35),
the dashed curves represent the field-induced phase lag

A ®(t); I, is the peak input-signal intensity.

ings A®y=0, ~ 0.17, and -0.27, each of which corre-
sponded to a certain mode of the nonlinear FPR in the
steady state (Fig. 16).

When 7, <7, <7, the plot of |E(fna) |® against
|Eo(tna) |2, where the time ¢ =¢,,, corresponds to the
maximum of Ad, settles onto the characteristic curve
for the steady state of a nonlinear FPR (Fig. 17).
Three different operating modes are possible here:
power limiting (a), differential amplification (b), and a
bistable mode (c). The shape of the curve changes as

o~
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FIG. 17, I, as a function of I;; at maximum phase lag A &,
for three values of A ®,,'"® The dashed lines are the steady-
state characteristics of the nonlinear FPR, The solid curves
were computer-generated for a quasistationary regime (7
=2 nsec, peak intensity 0.3 MW/cm?).
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Tp decreases. In case (c), this change is manifested
chiefly in the range with negative curvature. Shapes
similar to the characteristic switching curve are ob-
tained in the limit of very small 7.

CONCLUSION

The results cited in the present review demonstrate
the promise of nonlinear optical conversions in LC both
from the standpoint of LC physics and from the stand-
point of nonlinear optics itself.'*’ Practical applications
are also expected here: the use of LC as a base for
minjature, low-power laser elements and systems.

The possibility of investigating critical phenomena by
methods of nonlinear optics opens up a new approach

to study of PT, and here we may expect to acquire im-
portant physical information. Special note should be
taken of the ARS method, which enables us to make
local measurements of nucleation in the new phase and
to observe frequency-addition effects (harmonic genera-
tion, parametric processes), which determine the high-~
er moments of the LC’s distribution functions, as well
as to investigate relaxation times in periodic structures
induced by the laser field in the LC. There is also
great interest in the possibilities of intraresonator
modulation of LC parameters.

Although the nonlinear conversions obtained thus far
in LC have not been very efficient (except for light self-
focusing), this is due less to the general properties of
LC than to the fact that “random” LC have been investi-
gated up to the present time and no deliberate search
for the most efficient LC has been made. Consider-
ing the already delineated methods of synthesizing li-
quid-crystal materials with high nonlinearity, we may
expect broad practical use of LC elements in nonlinear
optical systems (nonlinear mirrors, shutters, etc.,
including also elements controlled by laser radiation).
A natural extension of these approaches is investigation
of the generation characteristics of dye lasers in LC
matrices. The lowering of the generation threshold of
such lasers in the PT range and the broadband tunabili-
ty that have already been observed experimentally will
no doubt be of both practical and purely scientific inter-
est.

Among the nonlinear effects still awaiting investiga-
tion in LC, we should note nonlinear OA and other
electro- and magnetooptical effects; the usually strong
SD of the nonlinear susceptibilities of LC indicates
that these effects are very prominent. We note also the
promise of effects of wavefront inversion'?® in LC on
the basis of four-photon interaction.'?”'®

The authors are grateful to S. A. Akhmanov for sup-
porting the preparation of the present paper and for
helpful discussions.

This is confirmed by the results of the recent All-Union
Scientific and Technical Conference on “Interaction of Laser
Radiation with Liquid Crystals” (Dilizhan, 23-27 October
1978).

15)0This was drawn to our attention by Ya. B. Zel’dovich.
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