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Second harmonic generation in the nematic liquid crystal MBBA was experimentally observed
both for phase-matched and for non-phase-matched interactions. The nonlinear susceptibility
tensor components values were measured for the first time.

The possible SHG mechanisms are discussed.

The obtained new physical information on liquid crystal structure is emphasized. The experi-
mental results are thoroughly compared with calculations of second harmonic generation pa-
rameters. A physical interpretation of observable effects is given.

INTRODUCTION

Recently the symmetry of nematic liquid crystals (NLC) has been extensively
discussed in the literature.'”

Toall appearance, it seems already possible to say that the shape of the NLC
molecules is similar to a flat plank rather than to a rod, which is indicative of
optical biaxiality of the molecules.*”’ However, such an optical biaxiality,
being essentially fluctuating, may just as well not manifest itself on a macro-
scopic scale in the whole sample.®

A more important question is the presence or absence of the symmetry cen-
ter in NLC. The LC molecules themselves, due to their chemical structure,
come close rather to asymmetric ones,” however, they rotate permanently
round their local axes, and the time-averaged probability density of the mole-
cule orientations may be centrosymmetrical. We actually mean the absence of
the inversion center exactly in this probability density which is necessary to be
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averaged also in space, i.e. in cross section of a sounding beam in a concrete
optical experiment.

We actually mean here the physical difference between the “tails™ of mole-
cules in the NLC sample. This usually is reduced to the problem, whether the
directions of directors (+n) and (—n) are equivalent or not. At present the
opinion is adopted about a complete physical equivalence of these states."

Physical difference of the (+n) and (—n) directions must bring in oriented
LC to the presence of ferroelectrical properties™**'°"'? in the case when a
molecule has a permanent dipole moment.

However, it should be noted that, first, arising of ferroelectrical properties
of LC is directly connected with noncentrosymmetrical orientation of the
sample molecules only for one-axial LC, in which case along with the quadru-
pole order [< P2(cos 0)> 7= 0] one should consider the dipole order [< Pi(cos
0)> # 0] as well.'' As to biaxial LC, the presence of the dipole moment per-
pendicular to a long molecule axis gives rise to the ferroelectricity without
noncentrosymmetrical ordering of the molecules in the sample either in case
the molecules do not rotate round their long axes, or if this rotation is some-
what complicated.'!

Second, the noncentrosymmetry of the NLC samples must not necessarily
bringto the difference of the (+n) and (—n) directions, In usual one-axial crys-
tals their optical axis (director—for L.C), as a rule, is not the polar vector, al-
though they may be noncentrosymmetric. The important thing for LC is that
the “tails” of molecules at ordering face the same direction, but what direction
they face is of no importance. The situation resembles the Heisenberg ferro-
magnetic, where all the spins want to be parallel, but their energy is indepen-
dent of the total moment direction.'® Though, the sample orientation can lead
in certain cases (for definite symmetry classes of crystals) to the optical non-
equivalence of two mutally opposite directions of the crystal optical axis,
which in this case actually becomes polar (the optic axis inversion effect).'’

It is reasonable to inquire what are experimental effects caused by the NLC
noncentrosymmetry. A number of works at present available may be consid-
ered in this respect. Here we should like to single out the following three
points: first, structure changes that occur in NLC in this case, in particular, the
appearance of helical texture of the cholesteric type;”"g second, direct obser-
vation of ferroelectricity'"***'; and finally, observation of effects which are
possible only in noncentrosymmetric media, i.e. the optical activity effect and
the linear electrooptical effect,?>%* second harmonic generation (SHG),'®
etc.”

SHG in LC’s has already been discussed® but the dominant opinion follow-
ing from the analysis of available results, is that three frequency nonlinear in-
teractions in LC’s are anomalously small due to the inversion symmetry of
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their internal structure. We claim that such a conclusion for the mesomorphic
state of a substance is not valid in general. For example, the noncentrosym-
metricity of cholesteric LC’s is well known."

[t is often stated that optical activity (as well as SHG) requires the absence
of both inversion center and mirror plane.” (The terms responsible in the free
energy for these effects are proportional to vy, e mk-E¥ and x;E¥EE; re-
spectively). But this is not valid for oriented systems; the orientation signifi-
cantly increases the number of optically active substances. These questions are
discussed in detail in Ref. 30, a similar idea was expressed in Ref. 31. There-
fore, in well oriented LC monocrystals SHG can be highly efficient.

However, it is not always easy to interpret unambiguously the effects of ob-
servation insuch fine balanced molecular structure as LC is, when proceeding
merely from the symmetry of molecules. By the way, the above cited works
also give the ambiguous interpretation (explicit discussion is given in Ref. 12).
Thus, there is no perfect clearness so far in the NLC symmetry problem.

The present paper is devoted to the experimental investigation of optical
SHG in liquid crystals. The interest to such problems is related mainly to the
fact that SHG (which for the dipole approach is possible only in noncentro-
symmetric media) gives important information on both the local molecular
ordering and the nature of intermolecular interaction in LC’s. In many cases
the SHG is the most convenient method to reveal the symmetry of the media.
(Note, that X-ray structural analysis is not directly sensitive to the inversion
center of the media). Here the essential point is the transition from the charac-
teristics of an individual molecule to the nonlinear macroscopic susceptibility.
Taking into account the extreme sensitivity of LC’s to external fields, we can
say that this transition is relatively simple in oriented LC’s thin samples.
Therefore, it appears possible to predict the efficiency of nonlinear transfor-
mations, proceeding from the molecular level, analysis where such a correla-
tion can be explained best.”’ Furthermore, SHG allows one to look for poten-
tial applications of LC’s in various thin layer devices, e.g. for frequency
transformers.

We report here new experimental data on SHG in NLC p-methoxybenzyle-
dene -n-p’butylaniline (MBBA), which, to our mind, convincingly and unam-
biguously confirm for the first time the noncentrosymmetry of the used ori-
ented samples—a conclusion drawn for the first time in Ref. 25. Choice of
such a well-known and comparatively simple NLC was motivated by a wish to
carry out to end the comparison of the obtained experimental data with the
calculations of the SHG parameters, although MBBA due to its molecular
structure is low-effective for SHG.

The complete explanation of the experimental data is possible when taking
into account the essentially new assumption of the symmetry and macroscopic
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properties of NLC’s. We have investigated both phase-matched and non-
phase-matched SHG and have obtained the optimum thickness of NLC for
the former case.

THE EXPERIMENT

Let’s enumerate our results.”” The SHG was experimentally observed in chem-
ically-pure, prepared directly prior to the experiment samples of the MBBA
nematic phase of thickness of the order of several ten microns, whose mole-
cules were planarly oriented by abrasion. The temperature of transition to iso-
tropic phase was about 43°C. As a pumping we used a single-mode (trans-
verse) linearly polarized Q-switched YAIG: Nd**(A = 1.06 u) with the on-peak
power usually ~ 100 kw (pulse duration is 12 nsec) operated under frequency
conditions. The laser beam was focussed on the LC sample by f = 8 cm lens.

Two types of experiments were performed. In the first one the pumping ra-
diation was perpendicular to surfaces of the glass substrates (normal inci-
dence). In the second one low incidence was performed. In the latter case two
hemispheric glass substrates were used.

To separate different types of interactions for SHG we used Nicol prisms
between which the MBBA cell was placed.

The registration system consisted of basic and supporting channels. The
optic radiation registration in each of the channels was performed by a pho-
tomultiplier, then the signals were translated into a digital code for each laser
pulse. In the supporting channel the radiation of SHG in a quartz plate was
registered.

Toextract the SHG signal (A = 0.533 u) we used light filters. Furthermore,
in the basic channel the radiation passed through a monochromator, match-
ing with whom was achieved by means of lenses that collected the whole power
from the SHG sample.

The registration system calibration was performed by SHG from a second
standard quartz plate placed in the basic channel instead of the NLC cell. The
signal power of SHG in MBBA was determined after subtracting the back-
ground radiation (at measurements in the MBBA isotropic phase and in an
empty cell without LC), which, as a rule, was much lower than a power regis-
tered from the nematic phase of MBBA,

The spectral width of the registered radiation from the MBBA cell corre-
sponded to its typical values for the SHG signal in usual crystals, the signal
power depended in quadratic fashion on the pumping power (see below). The
possibilities of arising of the signal in the SHG frequency in case of break-
downs of the LC sample, luminescence etc., were specially controlled. The
basic results obtained are reduced to the following.

As our measurements have shown, it is necessary to distinguish between the
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“strong” P, > Puveshand “weak’ P, < Pipesn fields. The value of Pinresh can be
estimated by the values of P, at which the given dependences for P, fall onto
the “plateau” (see Figure 1). For geometries (b) and (c) Piness ~ 100 kw, for
the (a) case it is approximately one order less.

In Table I there are presented the obtained results for the power P, inrela-
tive units (normalized to P, in geometry 1) for different types of non-phase-
matched interaction at room temperature. The given data correspond to aver-
aged results for each geometry of the experiment, but only in those cases when
the type of interaction under question was the first in the run. The values of P,,,
at which SHG was registered corresponds to the region P, < Puy,.s» when the
value of P,,is determined by the initial degree of orientation of the molecules
in the LC sample (we neglected the laser beam influence in this case).

The SHG efficiency with respect to time was registered both at continuous
laser operation (in frequency regime) and at its multiple successive swithing
over a day. In the second case the obtained dependence for geometry 6 is pre-
sented in Figure 2.

The temperature dependences for P,, (normal incidence) which depended
on the degree of orientation of the sample molecules were measured. For best
monodomain samples they are shown in Figure 3.

In all the cases in the MBBA isotropic phase, just as in nonoriented samples,
the SHG signal power decreased substantially and was at the limit of the regis-
tration system sensitivity.

In a nematic phase of MBBA we did not find any unmelted solids, which
were the cause of arising the SHG in earlier experiments on mesophase cen-
trosymmetry check.”
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FIGURE 1 Dependence of the signal power in SHG on the pumping power in arbitrary units
for three geometries of the experiment. The MBBA cell is shown at the top, the vectors/,and n are
plotted in the plane perpendicular to vectors k, and k3.
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FIGURE 2 The value of Py, as a function of time in arbitrary units (at multiple successive
switching of the laser) for the MBBA sample in the “plateau” region of Figure 1. The value of P,
forcurve I exceeds 5 times the value of P, for which curve 2 is obtained. The geometry is shown at
the top.
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FIGURE 3 Characteristic curve for temperature dependence of the value of the SHG signal at

normal incidence; T. is temperature of phase transition to isotropic liquid for the used MBBA
samples.
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The angular dependences for P, (low incidence) are shown in Figure 4 for
different geometries, where 8 is the observable angle between the wave pump-
ing vector k, and director n of LC.
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FIGURE 4 Angular dependences for Py, in different geometries of the experiment (a-c).
Curve d) corresponds to the dependence for the registered signal at irradiation of the NLC cell
with a second-harmonic light directly from a laser. Each of the curves is normalized in its intrinsic
scale of arbitrary units.
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The dependences P, on the thickness of the MBBA layerare shownin Fig-
ure S. With increasing thickness (deterioration of orientation of the MBBA
molecules) the width of the curves of phase-matching increased (Figure 6).

The data on the absolute value of the SHG power in MBBA were obtained
from the comparison with the SHG power in a standard quartz plate (the 0o-0
interaction) of thickness of 100 u. The value of P, in this case (at a maximum
of the Maker oscillations) was equal to 3.7 - 10°in the same units as the data of
Table 1. '

The components of the nonlinear susceptibility tensor x!:} measured in
geometries 1-6 in the case of collinear wave interaction are shown in Columns
II and 111 of Table I1. They are calculated by the formulas of Ref. 33. It is
assumed that in the NLC oriented samples the axis Z coincides with the direc-
tor n, in a general case a possible macroscopic biaxiality of the oriented nematic
is taken into account.

In Table III the calculated values at normal incidence for the coherent inter-
action lengths are given (1., = "/ Ak = **/4(n,, — n,), where n,, , are the
refraction indices at the harmonic and pumping frequences, respectively, A .
= 1.064 ). The value of n,,, , are taken from References at 7 = 25°C** with re-
calculation with respect to our wavelengths by the Zeilmeyer formulas.

The possibility of phase-matched SHG in MBBA is shown in Column [1[;
the values are given both for the phase-matched angle 8, . (between k,and n
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FIGURE 5 Dependence of P2, on the thickness of the MBBA layer for different geometries:

a)-b)- atangular measurements. ¢)- at temperature measurements (normal incidence). Curve a) is

obtained for the values of P2, at the maximum of phase-matched SHG, curves b), ¢) are obtained

in peaks of Maker oscillations at non-phase-matched SHG. Each of the curves is normalized inits

intrinsic scale of arbitrary units.
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FIGURE 6 Dependence of the angular width of the SHG peaks on the cell thickness.

inside NLC)at 25°C and for ATpnm = T — Tpnm. ( Tpnm. is the temperature of
phase-matching at normal incidence, T. is temperature of phase transition).

The estimates of the values of nonlinear susceptibilities x'”’ in MBBA are
shown in Column 1V of Table 111 (the values are normalized to the value of x'*'
for interaction 1) and obtained from a general formula for P., for the non-
phase-matched SHG at the maximum of the Maker oscillation.” From the
data for geometries 5 and 6 of Table I the recalculation from Py, to x'*'is done
with respect to the components characterizing precisely the oe-e and oe-o in-
teractions: x4 and x%%. respectively, whose values are just given in the last
two lines of Table I111. As far as the sign of the components x'*' is unknown,
two possible values are given.

For the components 531 and x{3 the values are the same, but with reverse
signs for the sign “+" in the last two lines in Column 111 of Table II.

Reasoning from the data in Column 1V of Table I, one can attempt as to
reveal a crystallographic symmetry class which the oriented MBBA samples
satisfy. The analysis shows that a most probable interpretation is possible
within the three nonsentrosymmetric classes I, m and 3. The first two classes
describe biaxial crystals.

One can see from the obtained results that in the class m the SHG must be
realized for the collinear wave interaction along the v axis (while at the inter-
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TABLE |

1 11 11
Geometry of experiment
Cw n [ P,

[ I 1 1.0
2 ] — 0.5
3 «— 1 0.8
450 45°
) 1
5. / : 1.3
45°

Heree,, e, are the unit vectors of the radiation polarization at SHG for
pumpingand signal, respectively; n is the NLC director orientation. In Col-
umn 11 the vectors e,,2,, and n are given in the plane perpendicular to the

Downloaded by [Tomsk State University of Control Systems and Radio] at 03:06 23 February 2013

vector k.
TABLE 1I
I
x'» Components for interaction
1 11 along the y axis;
Type of x*! Components for interaction “+*foro = /2
geometry along the x axis “—*for ¢ = 3m/2
1 (333) (333)
2 (233) (133)
3 (222) (1
4 (322) 31n
(322) (333) ai1n (333)
s e a7 S
2 3 (332) 5 3 (33n
222 233 (11 (133)
6 % u—(223) T+T:t(l|3)

Here xijr = xijj-
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TABLE 111

I
Paossibility of phase-matching

| I With respect With respect
Type of fean « to angle to temperature, v
interaction u f ph.m. AT phm, °C xf-'::‘ = x:ff x:ff
l. ce-e +2.7 — 1.0
2. ce-0 =2.1 =3(° ~0 +0.9
3 00-0 +7.1 — - +0.3
4. 0o +1.0 - — 14.1
S. oe-¢ +1.5 - 13.1. F0.8
6. 0e-0 —59 =43° ~0.6 16.3. 5.9

Either upper or lower signs should be taken in Column 1V for all interactions.

action along the x axis the SHG had to arise also in “forbidden” (zero) com-
ponents of the tensor x**': x435. x3> and x'%:). The SHG in“forbidden” x\3; =
X(zzx,a and x‘z'}’: = x%‘: had to be characteristic of the class 3 as well (see also next
section point 3).

It makes sense to estimate the absolute value of x'*' for MBBA. For geome-
try 6 (the oe-o interaction) from the data of Table 1 (Column 11I) we obtain for
x'? (MBBA) = 0.06: x'7/(Si02) = 1-107'" CGSE (without corrections for
scattering). The calculations showed that the curves of Figure 3, 4a, c corre-
spond to Maker oscillations in case of non-phase-matched geometry, and
Figure 4b—to those of phase-matched geometry of SHG. In inhomogene-
ously oriented samples the effective noncollinear SHG is possible due to
strong scattering (the presence of the vector phase-matching). This may be
typical of SHG even in comparatively good monodomain samples of NL.C,
particularly at the radiation focussing, and results in increasing both the angu-
lar and spectral curve widths for MBBA at SHG. In Figure 7 there are shown
the calculated curves of vector phase-matching of SHG. both for the ee-o (a)
and oe-o (b) interactions in MBBA.,

DISCUSSION

It follows from the foregoing that the presence of SHG in the used oriented
samples of the NLC MBBA is subject to no doubt. Moreover, such a noncen-
trosymmetry is not the result of only surface effects (the non-phase-matched
SHG), but characterizes a volumetric state of LC (the presence of phase-
matched interactions). Thus, one can confirm the noncentrosymmetry of ori-
ented (planarly) textures of MBBA. This fact should be taken into account
for the high-order nonlinear interactions in LC’s when the cascade processes
can play an important role.’®
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FIGURE 7 Calculation dependences for noncollinear SHG in MBBA for the ee-o (a) and oe-0
(b) interactions.
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Let’s discuss the possible mechanisms, responsible for SHG in our experi-
ment.

1) The SHG should be directly related on symmetry of LC molecules.
Many NLC’s consist of molecules with the symmetry “m” (optical biaxialityt
and no center of inversion);**"** we may say that the shape of these molecules is
rather a flat plank, than a rod. The z-axis is chosen to be parallel to the long
axis of the molecules and the y-axis is perpendicular to the mirror plane (we
consider the monocrystalline sample of LC). As in (Ref. 22, 24) we assume
that in the oriented LC the mirror plane of molecule is perpendicular to the
glass plates of LC’s cell. In the case of ideal homogen, “freezed,” orientation of
LC’s sample, the symmetry of molecule is transferred on the whole sample.™
The absence of the inversion center in such systems is not connected with be-
forehead given conformation of the molecule, but is connected with the order-
ing of molecules during their interaction with each other and with other fields
(ef. “pseudoscalar” LC's’").

2) The laser field orientational effect in itself usually cannot lead to a sepa-
rate (polar) direction in LC, but affects the degree of orientation of the mole-
cules along the direction if the latter exists.'>"'

Such an effect is much more efficient for the nematic phase provided the
following two conditions are fulfilled: the extraordinary polarization of the
pumping wave and its oblique incidence relative to the director.” The both
conditions can be fulfilled in our experiment even for the normal incidence
(particularly for geometries 1-2, 5-6) owing to a possible orientation of the
molecules at some angle to glass surfaces in a real sample of MBBA. In this
case in geometry 1-2 the laser field will improve the degree of the NLC orien-
tation (self-adjustment of nonoriented regions), while in the geometry 5-6 the
laser field will deteriorate it.

The light-induced phenomena in the laser field are reduced not only to pro-
duction of regions with different orientation due to the self-influence effects,
but also to decomposition of the mesophase, in particular, the effects of the
LC material polimerization are also possible. In this case complex irregular
textures can be produced. Such factors must affect to a greater degree at long
irradiation. One should take into account the influence of more slower proc-
esses of “natural ageing” of LC, for example, due to the hydrolysis of MBBA
toitsamin and aldehyde components,*’ the gumming effects. In this case 7. is
also displaced.

Our results obtained for the SHG efficiency (Figures 1, 2) indicate exactly
to a local reorientation of the MBBA molecules under the action of the laser
field, and not to the formation of nonoriented regions or destruction of meso-

1 Note, ltﬂhat the spontaneous Raman spectroscopy is not sensitive to LC’s molecular optical
biaxiality.
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phase. In geometry 6, which is most effective for SHG, the laser field leads to
formation of intermediate orientation, therefore the value of P,, decreases.
The pumping beam being displaced to a new place in LC, the signal must in-
crease again, just as was observed. Sounding by low-powered continuous ra-
diation the region which produced SHG, we really observed the reorientation
of the LC molecules on the drop of the curve of Figure 2. On this account the
appearance of the phase-matching peaks for the 0o-o interaction, which ap-
proaches the ee-o one as a result of the molecule reorientation, is possible.

Itis necessary also to take into account the possible effective rotation of the
linear polarization of the produced radiation of SHG at its propagationinan
anisotropic, moreover, statistically inhomogeneous medium due to the pres-
ence of a component of a field with orthogonal linear polarization. For the
pumping wave the effects of nonlinear rotation of polarization take place,
which we observed in independent experiments. This can provoke the rela-
tively distinctless reproductivity of the results in different cells. At the absence
of the output polarizer the variation of the value of P, for this reason must not
take place. T

The situation is complicated also by the processes connected with the LC
material “natural ageing” which greatly increases in the presence of radiation
and goes on even after switching off the radiation.

3) Influence of medium inhomogeneities, both microscopic and macro-
scopic. While in ideal homogeneous media for phased-matched SHG P, ~ L°,
where L is the thickness of a nonlinear material layer, in the case of inhomo-
geneous samples P,, ~ L.*' The dependence Py, ~ L’ may occur in statisti-
cally inhomogeneous media as well, but only for very small thicknesses
(L < \/2mn2,)." In non-phase-matched interactions the value of P,, is de-
termined by the coherent length. In phase-matched SHG gathering of N mole-
cules in groups with fixed orientation results in Py, increasing N(A /2 )" times
at recalculation per one molecule. (For inhomogeneity sizes Lignom < A/ 27AnN
this is fulfilled for non-phase-matched SHG, too.”” This increase is saturated at
1inhum - '\/277'

For longitudinal inhomogeneities (along L), which are particularly impor-
tant in orientation of NLC by abrasion of glass substrates, there is the optimal
thickness for SHG 1., = (3A/2%*"/ 3 L).*’ For the oriented layer L of MBBA
a rough estimate of the value of 1., leads to the values of lop ~ 14 — 40 .

The mentioned dependences of P,, on the thickness agree qualitatively with
those obtained in our experiment for MBBA.

However, the nonhomogeneity of the NLC samples must affect the value of
x? itself, which, besides, decreases as the orientation degree becomes worse

1 An analogous effect may be exerted by flowing and the presence of impurities in LC.
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(at heating of the sample or increasing of its thickness; this leads also to addi-
tional scattering of light).

Analyzing the influence of this important factor, it is possible to obtain the
following. First, the angular distributions in SHG substantially change (ap-
pearance of modified conditions of phase-matching and increase of widths of
the latter,”"** influence of superficial effects-see also Ref. 42; in particular,
phase-matched SHG is possible in the types of interaction for which it is im-
possible in a homogeneous sample. Second, the SHG is possible in “forbidden”
components of nonlinear susceptibility tensor with a comparable by value
intensity.*’

Finally, an optimal width of the NLC layer 1, for SHG must exist.** The
influence of all these factors, which manifest themselves differently in differ-
ent samples of NLC, can account for the complex picture of angular and
temperature dependences we obtained.

Note also, that a possibility of formation in NLC of biaxial regions (statical)
which are of particular importance in a local laser experiment on SHG also
varies angular and temperature characteristics of SHG in NLC.

4) SHG stimulated by quadrupole electrical interaction on the nonlinear
susceptibility of a higher order (PN ~ x.(2w). E;V,E, is the account of in-
ternal molecular spatial dispersion.*’ For the “freezed” model of NL.C (when
the oriented LC layer symmetry elements similar to those of the individual
molecule) the realized experimental geometry for the symmetry class “m™ does
not allow to separate those two mechanisms of SHG without additional dis-
cussion. That’s why the research of quadrupole interaction for LC is of a spe-
cial interest. In the second order (on field) of the peturbation theory, the polar-
ization at the double frequency accounting the spatial dispersion is equal to:

Pi2w,2) = L (w) LQ2w) N[ ki <a;7.> E}E} exp(—2ik,z)
+ Ik§ <a,,-,',.> Elelg exp(—Zik;:) + l(k{ + k;) <a,-,-,-,,> EI| Elz
+ i(ki — k%) <oipe> EVES exp(—i(k, + k2)z)] (1)
Here &k, ;and E|, wave vectors and the amplitudes of two pumping waves,
L(w) is the acting field’s factor. The hyperpolarizability molecular tensors &
and ¢ are valid to the equalities of symmetry, if they are out of the absorbing
area:

aire T ipe T @jpie = 0, Oijpe = 0ijjes Aijie = e (2)
< ... >—istheorientational average. At the averagingaccording to Mayer-

Saupe’s famous distribution, 18 components of susceptibility tensor differ
from zerot;"

t The systematic analysis of nonlinear susceptibilities require the conservation of terms in
Mayer-Saupe’s Hamiltonyan which describe the interaction of the following multipoles.



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:06 23 February 2013

152 S. M. ARAKELYAN e al.

X}},’:‘,(Zw) = NLZ(w)L(2w) <ajpe;

X122 = X200 = X2 = X = “1‘7 X212 = _% X 1221
N
= L (@) LRo)[2(a1122 + o) <cos’0> + (i

+ 3311 + 02233 + a3322) <sin20>];

X133 = X233 = X133 = X303 = _117 X3z = "% X 3223
N
= L*(w) LQw)[2( 01133 + aas3) <cos’0> + (ann + oo

+ o+ o) <Sil’l20>];

X331 = X322 = X331 7 Xamm = —% X 1331 = _% X 2332
N
= L (w) LRw)[2(a33n + aans) <cos’0>

+ (ann + ann + aun + apn) <sin’8>]  (3)

The fact, that some components of x‘*(2w) are nonzero does not yet provide
the possibility of high-frequency SHC (transverse) wave. This possibility can-
not be realized in the isotropic phase; as to the nematic phase, its monoaxiality
is the direct reason of the SHG. In collinear geometry (k|| k..,) for example, it
can be shown,'? that the intensity of SHG /,,, is proportional to the second
power of the order parameter. For the phase-matched interaction (e.g. oe-0):

I = [4Trw ko (w) + k*
i n° (2w)

where Sis the order parameter of NLC, X = N/2aun + ann ~— a3 — a2233)
sin Y cos ¢ (¥ is the angle between Z-axis of NLC and k,,). In our experiment
Y = 90°, therefore, the table’s data of SHG cannot be explained by this
mechanism.

S) Note we assumed, that the ideal planar LC’s molecular orientation is
(alongtheaxis Z) parallel to the surface of the glass plates. Butinreal sample
they can be oriented at a certain angle to the plate.'® In this case the compo-
nents combinations, which results in the SHG of the given experiment’s
geometry, (see the Table I1), must be changed. Then the experimental data
given in the Table 111 for ¥ correspond to certain effective meanings of non-
linear susceptibility.

That’s why SHG’s possibility in our experiments, caused by internal molec-
ular spatial dispersion, requires the additional discussion. However, the quad-
rupole electrical interaction appears small in NLC. Though they can be opti-
cally active’>** but the activity is not connected with the great value of internal
molecular spatial dispersion,  as is aforementioned but with the ordering of

2
@F 3 s @

t In isotropic phase NLC’s are not optically active.
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molecules, which aren’t enantiomorph. (e.g. in the calcite crystal, x{(2w) ~
10" + 107" CGSE.”

6) The influence of different defects, static distortion and deformation in
1.C on SHG. In particular, the polar axis in NLC may be caused by the flex-
celectric effect.'® The fact, that the phase-matched SHG (it characterizes the
volume interaction) was observed, makes this mechanism scarcely probable.

7) “Natural ageing” of MBBA, mentioned above, induced by chemical rea-
sons, must affect equally all the types of interactions. Here we should like to
empbhasize the relaxation mechanism of “ageing,” which also can account for
the decrease in time of the SHG signal. In point of fact we mean the well-known
effect for heavy-viscous microinhomogeneous media.*’

For these liquids, described by the nonlocal relaxation theory, variation of
properties can be observed, for example, immediately after their vacuum dis-
tillation and condensation on the substrates; returning of the properties of
these liquids to equilibrium values is performed gradually and takes a certain
period of time (a few days).*” Similar processes must be characteristic of the
NLC as well, especially in thin oriented layers immediately after their making
(it is interesting that usually LC is purified precisely by means of distillation).

Note, that these processes are not equivalent to formation and resolution of
disclinations in LC, since the disclinations cannot be even superﬁcial;10 inour
case the volumetric SHG is meant. An analogous conclusion can be made also
on the defects of the 180°-wall type in LC. The more so, as such textures are
easily observable by means of usual optical methods. Such kinds of inhomo-
geneities in MBBA were really observed by us, but only near the phase transi-
tion in a heterogeneous region.

8) The signal value of SHG is practically unchangeable at the additional
purification of the MBBA according to preliminary data. It shows the small
contribution of impurities to SHG in our case. But this question is not a simple
one. Let’s discuss it in short.

The calculation of the values of LC’s sample’s macroscopic susceptibility x
must be done by the equation § = N <S>, where N-is the number of mole-
cules, and B-is molecular susceptibility. It can be shown (by analogy with 4)
that if there is the absorption of one of the interaction waves, then the non-
linear polarization of the frequency 2w is not zero.*® This is connected with
Kleinman’s symmetry breaking law for the components 8! in this case. For the
oriented, e.g. along z, NLC the non-zero components are:

N
x(rzt): = _X(IZ\?: = 7 < PZ(COS 0)> (B(‘Z‘): - (Iz\)Z) (5)

Then we may have for the phase-matching interaction, an equation similar to
(4). That’s why in this case /5, will be zero in isotropic phase (S = 0), too.
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CONCLUSIONS

The discussion given above indicates that regardless of the available several
factors which can bring SHG in NLC, our experimental results yet indicate to
the fact that the registered SHG in MBBA really is connected with non-zero
nonlinear susceptibility of the second order x?.

Although the registered value of P, itself strongly depends on specific con-
ditions of the experiment still the influence of different factors (which are non-
trivial and need separate consideration) is quite controllable. The marked “in-
stability” of the results is characteristic of such fine equilibrium systems as
liquid crystals are.

The conclusions on noncentrosymmetry of oriented samples MBBA must
be true, in general, for all NLC.

Arising of noncentrosymmetrical blocks may be characteristic of NLC
which transmit different distortions, ¢.g. from alien molecules onto macro-
scopic regions whose sizes exceed substantially their intrinsic sizes.'’

At availability of internal intensities in the NLC sample the mechanism of
their formation may be of flexoelectrical nature, but this must give rise to the
superficial SHG only.

The noncentrosymmetry must be characteristic of the other types of L.C. Of
most interest in this respect are smectical LC, particularly, hyral “C” smectics,
since their ferroelectrical properties are known well. It was actually reported
in Ref. 45 about studying of the temperature dependence P, for LC
DOBAMBC using the external constant electric field £°. However, in this
case the SHC must be mainly determined by the nonlinear polarization term
proportional to P ~ x}. Ef EZE?, Such a mechanism of SHG was recently
observed in Ref. 52 for the nematic phase of LC 5CB, where for x¥a value of
the order of 107> CGSE was obtained.

The noncentrosymmetry of MBBA we demonstrated in our experiments
makes it possible to explain the known smallness (whose reason is unknown
so far) of the coefficient B in the Landau expansion for the thermodynamic
potential in the region of phase transfer to isotropic liquid:® noncentrosymme-
try of the medium must automatically tend the value of Bto zero.** Moreover,
at availability of local regions in MBBA with correlation of the NLC mole-
cules, both in orientation and in the center-of-gravity position, and also at op-
tical biaxiality of the samples (note, that the presence of biaxiality is quite
enough even for local regions, most important for SHG), the coefficients A
and C must be small.*’ Thus, a simple explanation is given for the recently
discussed tricritical character of phase transition to NLC, in paticular, to
MBBA.*
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