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Second-harmonic generation in a bent-core nematic liquid crystal
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Second-harmonic generation (SHG) is studied in the magnetically aligned nematic phase of a bent-core
liquid crystal (BCN) and compared to similar measurements made on a conventional rodlike (calamitic)
nematic compound. The second-harmonic (SH) light detected from both materials is predominantly due to
scattering and therefore incoherent. Results on the calamitic are consistent with a polarization induced by
ordinary director fluctuations in the nematic phase. However, the SH scattering collected in the BCN exhibits
a different temperature and angular dependence. We discuss how these differences could arise from the effects
of short-range correlated, smectic-C—type molecular clusters, which have been detected in recent studies on

various BCN materials.
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I. INTRODUCTION

Homogeneous, deformation-free nematic liquid crystals,
whose orientational order is characterized purely by a sym-
metric, traceless second rank tensor order parameter, are cen-
trosymmetric, and thus do not produce second-harmonic
generation (SHG) arising from dipolar matrix elements.
However, surface interactions, or bulk elastic distortions that
induce a polarization through the flexoelectric effect [1], can
break this symmetry. The effects of the former have been
studied by SHG in thin layers of conventional calamitic (rod-
shaped) nematics in contact with various solid surfaces [2],
while the latter has been observed in bulk calamitic nematics
containing static distortions of the optic axis (director) [3] or
exhibiting strong thermal fluctuations of the director [4]. Re-
cently, nematics formed from bent-core molecules (BCNs)
have generated high interest, from the fundamental point of
view, through reports of nematic biaxiality [5-7] and theo-
retical conjectures of entirely new phases, including a polar
nematic [8]. On the practical side, certain BCNs exhibit a
low-frequency flexoelectric effect [10] orders of magnitude
larger than their calamitic counterparts, and may therefore
eventually prove to be useful materials for small-scale, green
power generation. These properties imply that SHG could be
a revealing probe of BCN structure.

Here we present results of SHG experiments on a homo-
geneously aligned BCN (4-chloro-1,3-phenylene
bis-4-[4’-(9-decenyloxy)benzoyloxy] benzoate, abbreviated
CIPbis10BB [9]), and compare them to the behavior ob-
served in a conventional calamitic nematic compound (4-n-
octyl-4-cyanobiphenyl or 8CB). Our findings are twofold.
First, for 8CB, we present data that confirm key and previ-
ously untested predictions of the model of incoherent nonlin-
ear scattering induced by collective fluctuations of the optic
axis, which was introduced and first applied by Copic and
Ovsenik [4]. Second, in a BCN compound previously found
to exhibit large flexoelectric response [10] in addition to
other unusual properties [11,12], we observe that while the
SH light also comes overwhelmingly from scattering, it has
features notably different from the calamitic nematic. In par-
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ticular, the SH signal in the BCN, while not unusually large,
remains approximately constant in temperature (in contrast
to the continuous decrease away from isotropic-nematic tran-
sition observed in 8CB). Additionally, the main contribution
to the scattering is concentrated in a band or “halo” off the
forward direction, whose angular dependence cannot be ac-
counted for by nonlinear light scattering from ordinary direc-
tor fluctuations. Instead, we suggest the additional compo-
nent to the SH scattering in the BCN arises from the
presence of short-range correlated, smectic-C-like molecular
clusters, which have a polar layer structure. Evidence of
these clusters has recently been detected in experiments on
various BCNs [13,14], including the compound studied in
this work [15].

II. EXPERIMENTAL DETAILS

Our experimental set-up and the structure of CIPbis10BB
are shown in Fig. 1. CIPbislOBB exhibits the following
phase sequence on cooling: isotropic—(76.1°)—uniaxial
nematic—(65 °C)—crystal. Samples of CIPbisl0BB and 8CB
were loaded into commercial fused silica cuvettes with a 1
mm path length. The cuvettes were cleaned and dried accord-
ing to the manufacturer’s recommended procedures, and
were used without any further surface treatment. The sample
cells were inserted into a temperature-regulated oven with
transparent fused silica windows. The temperature at the
sample was controlled to better than 0.1 °C. To achieve uni-
form alignment of the nematic director on cooling from the
isotropic to nematic phase, we used a commercial electro-
magnet (AlphaMagnetics, model 4600) equipped with ta-
pered 50 mm pole faces. The insulated sample oven was
carefully centered in a 25 mm gap between the pole faces.
This arrangement produced a maximum applied magnetic
field of 1.6 T at the sample. The field was oriented normal to
the incident light and parallel to the cuvette faces. Samples
were first warmed above the nematic-isotropic transition
(temperature Ty;) and then slowly cooled with the field ap-
plied.

©2010 The American Physical Society
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FIG. 1. (Color online) The experimental apparatus. Inset: The CIPbis10BB molecule.

To generate SH light, we used a Q-switched Nd:YAG la-
ser (Continuum, Minilite series) with a wavelength of 1064
nm, producing a 3 mm diameter, linearly polarized Gaussian
beam consisting of 5-7 ns pulses at a 10 Hz repetition rate. A
half-wave plate was used to vary the incident polarization on
the sample. An aperture was placed in front of the sample to
reduce the beam size to ~1 mm, and for some measure-
ments on the calamitic sample (8CB) a lens was used alter-
natively to focus the laser light to a ~0.4 mm waist at
the sample. Typical average incident intensities were
7 MW/cm?, corresponding to pulse energies of a few mJ for
a 1 mm beam [16]. A low-pass optical filter was placed just
before the sample to eliminate any 532 nm SH light gener-
ated by the incident optics. The forward transmitted SHG
from the sample was collected and collimated by a 25 mm
diameter fused silica lens with a 30 mm focal length. Imme-
diately in front of the lens surface was a calibrated, variable
iris, which was used to control the angular acceptance of the
SHG light. The iris could be replaced with a 1 mm wide by
25 mm long slit, switchable between orientations along and
perpendicular to the magnetic field direction. The collected
light passed through a pair of Schott KG3 glass bandpass
filters that efficiently block the 1064 nm fundamental, and
then through a 532 nm narrowband (1 nm full width at half
maximum) laser line filter, before finally passing onto a pho-
tomultiplier detector, which was placed about 0.5 m away
from the magnet and shielded by multiple layers of mu-
metal. During polarization scans, an analyzer was placed just
before the 532 nm line filter.

The photocurrent output was converted to a voltage by a
fixed terminating resistor and acquired by a digitizing oscil-
loscope (sampling rate=10 GHz). A snubbing cable was at-
tached to the oscilloscope input to suppress ringing. Multiple
(typically 100) pulses, read from the scope by computer,
were area averaged; they were also normalized to the SHG

signal from a 0.5 mm thick z-cut single crystal quartz refer-
ence plate. (The quartz reference signal was acquired on the
incident side of our optical setup using a beam splitter, simi-
lar pre- and postoptical filtering as described above, a second
photomultiplier, and an additional channel on the oscillo-
scope.) The weak background SHG from an empty cuvette
placed in the oven was recorded and subtracted in all cases
from the data obtained on the liquid crystal samples.

We also measured the depolarized transmittance of a
HeNe laser beam through the samples, in order to indepen-
dently confirm the isotropic to nematic phase transition tem-
perature and to characterize the quality of director (optic
axis) alignment in the nematic phase. A separate polarizer,
analyzer, amplified photodiode detector, and flipper mirror
assembly were used for these transmittance measurements.

III. RESULTS

We first focus on the optical transmittance measurements
to confirm effective magnetic alignment of the nematic di-
rector. Figure 2 displays data for the transmission of a HeNe
laser beam through a 1 mm thick sample of CIPbisl0BB
placed between crossed polarizers, as the polarizer/analyzer
axes are simultaneously rotated through angle y with respect
to the magnetic field direction. These data were recorded
after cooling the samples from the isotropic phase in the
magnetic field to a temperature just below Ty;. We clearly
see a well-defined minimum in transmission at x=0, corre-
sponding to alignment of the polarizer (or analyzer) axes
along the magnetic field direction; similar behavior was ob-
served for the 8CB sample. Since prior magnetic field-
induced optical anisotropy measurements on CIPbis10BB,
combined with observation of a splay Freedericz transition in
a homogeneously aligned planar sample, indicate positive
diamagnetic anisotropy Ay,, (which is also true for 8CB),
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FIG. 2. (Color online) (Left) The depolarized transmittance of
HeNe laser light through the magnetically aligned 1 mm
CIPbis10BB sample as a function of polarizer angle with respect to
the magnetic field direction, at the temperature 7—7,;=-2.0 °C in
the nematic phase (squares) and at a typical temperature in the
isotropic phase (circles). (Right) Bright-field optical textures of the
1.6 T field-aligned 8CB and CIPbis10BB samples, compared to
unaligned samples (no applied field during cooling), in the nematic
phase.

this result confirms good uniaxial alignment of the director
along the field H. We also note the optical clarity and uni-
formity in the bright-field microscope textures for field-
aligned samples; these images were obtained in situ and are
shown in Fig. 2. (For comparison, the figure includes tex-
tures for unaligned samples cooled from the isotropic state in
zero field.)

Results for the temperature dependence of the SH light
collected from field-aligned 1 mm nematic samples are pre-
sented in Fig. 3. For these measurements, the 1064 nm light
was polarized at 45° to 7, yielding equal components of o
and e polarized incident light. The analyzer was removed,
and the collection aperture was adjusted to admit a cone of
SH light with an acceptance angle of 20° into the detector.
Starting from a temperature ~0.3 °C above the clearing
point, the samples were cooled in fixed 0.1 °C steps at a
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FIG. 3. (Color online) SHG power as a function of temperature
for magnetically aligned, 1 mm thick samples of 8CB (lower data
set, shown with filled circles) and CIPbis1OBB (upper set, shown
with squares), and for equal components of o and e polarization of
the incident light and no analyzer for the SH light. The SH light is
collected in a cone aound the forward direction as described in the
text. Left inset: SHG power collected from a thin (10 um) sample
of CIPbis10BB. Right inset: detail of the boxed data for 8CB below
Ty; from the main figure. (The weak background signal from empty
sample cells has been subtracted in all cases.)
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FIG. 4. (Color online) Normalized SHG power collected from
the aligned nematic CIPbis10OBB as a function of analyzer angle y
for oo (squares) and ee (circles) incident photons at a temperature
T—Ty;=—1.5 °C. Solid lines are fits to a sin? y dependence.

very slow rate (0.1 °C/h) between steps to ensure fully de-
veloped alignment (particularly in the bent-core case, where
the orientational viscosities are quite high [11,12]). The SH
power was recorded for each temperature step. At the end of
the cooling scan, we reheated the samples and confirmed
reproducibility of the data. In the case of 8CB, a few degrees
into the aligned nematic phase, the SH power is of order 10~
that recorded from the quartz reference and not much above
the background level in the isotropic phase. As the inset
shows, the signal increases by a factor of 2-3 as T— Ty,
from the low temperature side. By contrast, in the BCN com-
pound the SH power recorded below Ty, is approximately
constant in temperature, and is substantially above the iso-
tropic background level. For comparison, the SH signal at
T—Ty;=—1.5 °C in CIPbis10BB is about 12 times the value
at the same relative temperature in 8CB.

Figure 3 also shows data for SH power collected from a
10 pm thick sample of CIPbis10BB, which was prepared
using same fused quartz substrates as the cuvette containing
the thick sample. If the SH light collected is due primarily to
scattering (as we shall discuss below—see Fig. 5), and is
therefore incoherent, one expects the signal to scale with the
number of scatterers and therefore with the illuminated path
length. Away from the narrow transition region, the power
collected from the 10 wm sample (100 times thinner than
the 1 mm sample) is basically at the background level. (A
similar result was confirmed for a thin layer of 8CB.) This
reduction in signal with sample thickness is consistent with
incoherent SHG, and thus also indicates that essentially none
of the signal observed in the 1 mm sample below T, can be
attributed to SH light generated from interfacial layers at the
cell surfaces.

In Fig. 4 we show the variation of the SH light intensity
from CIPbislOBB as a function of analyzer angle for pure
ordinary (o) and extraordinary (e) incident polarizations and
at T-Ty;=—1.5 °C. (The data are normalized to the value at
the —90° analyzer setting.) The plots reveal a high contrast
between maxima (for oo— o and ee— o SH processes) and
minima (corresponding to nearly zero signal for the oo —e
and ee — e processes). Here oo — e, for example, stands for
SH light produced when two ordinary-polarized photons
(frequency w) generate an extraordinary-polarized 2w pho-
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TABLE I. Summary of experimental results for dependence of
the SH power on polarization and scattering vector orientation (with
q. parallel to the aligned director 77). The top entries apply for four
polarization combinations of the incident and SH light and for scat-
tering collected with the collection aperture fully opened. The bot-
tom entry was obtained using the narrow slit as described in Sec. II
of the text, and for equal combination of o0 and e incident light and
no analyzer for the SH light.

8CB CIPbis10BB

Relative SH power T-Ty=—03°C T-Ty=-15°C

P(ee—0)/ PP (00— 0) 1.3 1.1
PD(00—0)/ PP (00— e) 8.0 6.1
P@(ee—0)/ PD(ee—e) 10 7.5
PP(g=g.)/PP(g=q.) 6.4 47

ton. The solid lines represent fits to a sin? y dependence,
where y is the angle between the analyzer axis and the di-

rection of the field H. The polarization data, which are sum-
marized in Table I, clearly establish that the SH light col-
lected from CIPbislOBB is predominantly of ordinary
polarization. Similar results were obtained for 8CB just be-
low Ty;; these agree with the earlier study on 8CB reported
in Ref. [4].

Utilizing the variable iris (radius R) or the narrow slit
described in Sec. II, we probed the angular dependence of
the scattered SH light. The iris or slit were placed just in
front of the collimating lens and at a distance L=30 mm)
from the illuminated sample volume. The top panel of Fig. 5
presents the SH signal detected as a function of (R/L)?
=tan’ @ (@=scattering angle) for normally incident, 45° po-
larized 1064 nm light and for both the aligned calamitic and
BCN liquid crystals at several temperatures just below Tl;.
These data were taken with the same cooling rate between
temperature steps as the data in Fig. 3. For both samples, the
collected SH signal is very small for R comparable to the
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FIG. 5. (Color online) SH power P? collected from aligned
samples of 8CB (open symbols in the lower part of the graph) and
CIPbis10BB (filled symbols) plotted as a function of tan? @
=(R/L)? where R is the collection aperture radius, L is the fixed
aperture to sample distance, and 6 is the scattering angle, at various
temperatures (given as T—Ty;) in the nematic phase. Equal o and e
components of incident (1064 nm) light polarization were used,
with no analyzer for the SH light.
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incident beam diameter—i.e., for SH light propagating along
the direction of the fundamental beam—and increases mono-
tonically with R for SH light scattered off this direction. The
results thus show that scattering dominates the signal. How-
ever, the nature of the scaling of the collected SH power
(P?) with R is clearly quite different between the calamitic
and BCN. For the former, in the narrow range just below Ty,
where the signal level was sufficient to allow detailed mea-
surements, we observe that P) is essentially proportional to
collection area, P@ o« R2, On the other hand, the data for
CIPbis10BB reveal that, apparently superimposed on a
weaker R dependence, is a more rapidly increasing contri-
bution that dominates P at the larger values of R or angle
6. This component clearly contributes away from the forward
direction, and is therefore consistent with a band (or halo) of
scattering surrounding a node (or minimum) in the forward
direction. The band evidently shifts to higher € with decreas-
ing temperature.

To complete our summary of the main experimental re-
sults, we consider the directional dependence of the scattered
SH light for equal o and e components of normally incident
fundamental light. As recorded in Table I, data for orienta-
tions of the collection slit along or perpendicular to 7 reveal
that the SH light for both 8CB and CIPbis10BB is predomi-
nantly scattered in directions parallel to 7i. A similar result
was found for all temperatures studied in the nematic phase.

IV. DISCUSSION

The SH signal in our experiments is only of order ~10~
the level from the quartz reference plate. It is therefore pru-
dent to consider first the contribution expected from single
molecule hyper-Rayleigh scattering (SMHRS), which corre-
sponds to incoherent scattering at 2w from thermodynamic
fluctuations in individual molecular configurations. As has
been pointed out in Ref. [4], the signal due to SMHRS
should change by only a factor of order unity at the isotropic-
nematic transition; on the other hand, our observed signals in
the nematic phase—near T,; in the calamitic sample and
throughout the nematic range in the BCN—are definitely
above the isotropic level. We can also estimate the magni-
tude of the SMHRS signal that could be present
in our experiments. One can write [17,18] I(2w)
=GN{B*)I(w)? for the intensity of the second-harmonic light,
where G is a geometric factor for dipole scattering (G
=20487/cA\*?, N=fundamental wavelength, r=distance
from illuminated volume of the sample to the aperture col-
lecting the SH light), N is the number of molecules exposed
to incident light of intensity I(w), and ,BZ:EijkBijk,Bijk with
the tensor B being the single molecule hyperpolarizability.
The average () is taken over the appropriate distribution of
molecular orientations, and cgs units for electric charge are
assumed in the definition of G. While we do not know S
precisely for our LC molecules, standard density functional
theory calculations of geometrically optimized structures
(using the B3LYP functional and 6-31g* basis set [19]) pro-
vide maximum components of hyperpolarizability of order
20X 1073 cm?/statC, which is the same order of magnitude
as deduced from recent measurements on bent-core liquid
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crystals dissolved in suitable solvents [20]. With this value
for 3, the known beam waist, laser energy per pulse, sample
thickness, sample to collection aperture distance, aperture ra-
dius, and the molecular weight and density of CIPbis10BB,
we estimate a maximum signal from SMHRS of a few pho-
tons per pulse, which is within the level measured in the
isotropic phase. Based on the above considerations, we rule
out SMHRS as a significant contributor to the SH scattering
observed in the nematic phase of our samples.

Let us now turn to sources of SH light involving intermo-
lecular interactions and collective effects. For these sources,
the induced SH polarization may be written as [21-23]

PP =Y.EE+ X5 P EVE+Y® ! E,EE

+ st):EEé[r’ —h(r')] (1)
where each term is evaluated at point 7’ in the sample and E
is the fundamental optical field. The first term in Eq. (1)rep-
resents a bulk structural (equilibrium) noncentrosymmetry; it
vanishes in a homogeneous uniaxial nematic liquid crystal.
The second arises from nonlocal (“quadrupolar”) interactions
in the bulk, and is permitted in centrosymmetric media such
as ordinary nematics. The third term describes an SH polar-
ization through a third order combination of a zero-
frequency electric field (E p), which perturbs the medium
from its equilibrium state, and two optical fields; it is also
allowed in centrosymmetric media. The final term accounts
for surface noncentrosymmetry, which may arise in hetero-
geneous media or at the sample boundaries; the function
h(r'") specifies the relevant surfaces.

In the Rayleigh Debye Gans (RDG) approximation, the
fundamental field at any source point 7' in the medium is
assumed to have the form of the incident plane wave,

E(7',1) = Eyfr exp i(k - 7' — of) 2)

where 7 specifies the polarization direction in the sample,

and k=n(w)(w/c)k. Under this assumption, and in the far-
field approximation, the second order nonlinear radiation
field at point 7 on the detection aperture is given by

2 o
- w” expli2w(r—ct)/c
E@ (F.f) = pl (2 )ic]
TEC T

[55)— k2E0) k)]
(3)

Here r is the distance from source to detector (directed along

k), conventional (SI) units for charge and the speed of light
V c are assumed. The effective nonlinear dipole moment
peﬁ is obtained from Eq. (1) as [23]

ﬁgpf— JdV [x?: 7T7T+li/( )
+ XD mmsr - h(r')JexpliRk—k®) - 7] (4)
with €@=n(2w)(2w/c)k?. The integral is taken over the

illuminated volume of the sample. The average SH intensity
at the detector, assuming no analyzer, is
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)= e B0 E0) = H[<|ﬁ£§}|2>—<<ﬁ£§} K)2)].

)

where the angled brackets denote a statistical average over
fluctuating quantltles that may contribute to p, ;. When an
analyzer (#?)) is present, the appropriate expresswn for ¥

can be calculated using the transmitted component of E@, or
#2.EQ@)

A. Uniaxial calamitic nematic (8CB)

Since =0 in the bulk of a uniaxial nematic, and since
our comparison of results in thick and thin cells indicates no
significant SH signal coming from the cell surfaces, for our
analysis of data on the conventional calamitic (83CB) we con-
sider the contributions from the second and third terms in Eq.
(1) only. Let us first focus on XQ An expression for this
tensor has been derived by Zhong-can et al. [24], based on
an application of the theory of SHG in lossless dielectrics
developed by Bloembergen et al. [25] to a uniaxial nematic
with D, symmetry. The result is

Xo.ijki = X1 (10 = nny 8y + myny 6, — njny Oy)
+ Xz(@,ﬁkl - 5ik5jl)»

where x;, X, are material constants and 77 is the uniaxial
director. One can show that, for both the uniform and fluc-
tuating parts (the latter obtained with the substitution 7
— 7o+ o1 where 71+ &7=0), the SH intensity due to )«({Qz) van-
ishes for the dominant processes oo — o and ee — o detected
experimentally. (For the fluctuating part and the case ee
—o only, the result follows specifically for normal inci-
dence, k-7iy=0, the condition we used in our experiment.)

Thus we are left with the term ¥ : EpEE in Eq. (1) to
account for the SH signal detected. In fact, this term can be
related to a model previously developed and applied by
Copic and Ovsenik (CO) [4] to describe fluctuation-induced
SH scattering in nematics. Their theory is physically based
on coupling of the director modes to the flexoelectric
polarization—i.e., the polarization induced by curvature
strains in i—which is a well known, though typically weak,
phenomenon in ordinary nematics [26]. We shall show that a
version of the CO approach, based on a x*) process (allowed
in centrosymmetric media such as umax1al nematics), pro-
vides a good account of our data on 8CB, but at the same
time does not adequately explain important features observed
in our BCN sample.

For our development of the model, we treat the flexoelec-
tric polarization ﬁﬂex, arising from overdamped thermal fluc-
tuations of 7z, as the source of a quasi-dc field that combines
with the optical field of the fundamental light to generate SH
scattering. To lowest order, we neglect the dielectric aniso-
tropy and write E p= Pﬂex/ €)X.» Where X, is the average di-
electric susceptibility and P/'ex takes the standard form [26],

I
P; =m0y, + e3n,dun;, (6)

Here e;,e; represent material-dependent flexoelectric coeffi-
cients corresponding, respectively, to elastic splay and bend
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distortions of the director 77, and the partial derivatives are
abbreviated as d,,=d/dx,,. The third term in Eq. (4) now
becomes

2

E o o
ﬁgf}:ﬁ dV' X3 Py i expli(2k - k®) - 71, (7)
0Xe

For a uniform nematic in equilibrium, the flexoelectric
polarization in Eq. (6) will only contain a fluctuating part
(6P/%eX). The integrand in Eq. (7) is then proportional to
X 8P/ex The x® tensor has an equilibrium part that has the
symmetry of a uniaxial nematic, and a small fluctuating part
oy, which we may ignore as it appears in the integrand as
a product with the small quantity 6P/**, Thus, in calculating
the contribution to ﬁg} that is linear in the nematic fluctua-
tions, we will use the equilibrium X(3), and the fact that all
components of this tensor with a non-recurring index vanish
by the reflection symmetry of a uniaxial nematic [27].

Choosing z as the alignment axis along the field H, we
can write the director as a sum of uniform and small fluctu-
ating parts, 7=Z+ én, X+ 6n,y. Then expressing &7 in terms of
its spatial Fourier transform, &i(7,t)=VZ;d(q,t)exp(
—ig-7") [26], substituting into Eq. (6), and combining the
result with Eq. (7), we obtain

o By O

Pefr=— za[e,(q- SA)X" 1 Zidr+ esq. X L o],

e

(8)

where 8ii= (g, t) are Fourier components of the fluctuating
part of the director at wave vector §=2k—k?.

Next we substitute Eq. (8) into Eq. (5) to obtain the scat-
tered SH intensity /®. In order to calculate the resulting
thermal averages over the director fluctuations, we express
the fluctuations & as a combination of the normal director
modes—splay-bend (dn;) and twist-bend (n,)—of a
uniaxial nematic. Using the standard expressions for these
modes, and for the elastic free energy of a uniaxial nematic,
one obtains [26], (5n;‘(cj,t)5nj(cj,t)):@ijBT/(Kiqi+K3q§
+Ax,,H?), where i,j=1,2, qi:qf+q§, Ay, is the diamag-
netic susceptibility anisotropy, and K;,K,, K3 are the elastic
constants for splay, twist, and bend director distortions, re-
spectively. In terms of explicit components of }*), Egs. (8)
and (5) then lead to

4 v .Y _ (2. v )2
I(z)(q_)) _ VE4§BZW . an Xn (1§ Xn) -, (9)
2772}" A_/e 0C n=1,2 anL + K3qz + A)(ml-l
where
q q
Xyi= Wkﬂz{ﬁXS/zz% + 63()(5)?121‘]_)( + Xglilq_l)qz} ,
1 1
q 3) 4y
Xoi= 7Tk771€3<X§,31)<1_X - XEEEI_L)%' (10)
q.1 q.1

In these expressions, summation is implied on repeated indi-
ces. For the range of aperture opening angles over which a
signal above background level is recorded in Fig. 5, and with
typical values of K and Ay, in thermotropic nematics and
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H=1.6 T, we estimate that the term Ay,,H> is negligible in
the denominator of Eq. (9). Then taking x as the direction for
ordinary polarization, y as the direction of normally incident
(fundamental) light, and z as the extraordinary axis (as al-
ready assumed above), and using the symmetry of a uniaxial
nematic, one finds from Eq. (10) that the following compo-
nents of the x® tensor contribute for the w, 2w polarization
combinations probed in our experiments:

3 3
Xl Xyeal00 = 0)

(3) 3

Xaxzzs nyzz(ee - 0)

Xg))cx(OO — e),XS;Z(ee —e).

Let us now consider two limits of Egs. (9) and (10) and
apply these to our data for 8CB. First suppose g=¢q,. As
described in the Sec. II above, this case is picked out by

orienting a thin collection slit along the field H , and, as noted
in Table I, it yields the overwhelming majority of the ob-
served SH signal. Taking ¢ =g in Eq. (10), one finds that the
contributing elements of the )g(” tensor from the above list
are v (3) (3) d +*)  Th h

Xiver Xyywe Xoe and xyy-.. These are the components
that correspond to the processes oo— o and ee — o, which,
also according to Table I, produce the most significant SH

signal. On the other hand, the limit g=¢, in Egs. (10) ap-

plies for slit orientation normal to H, which yields substan-
tially smaller SH power in our experiment. This limit, in
turn, contains the tensor components Xﬁlx and ng corre-
sponding to the polarization processes 0o — e and ee — e that
contribute very weak SH power in our experiment. Our data
for 8CB combined with the fluctuational scattering model

2 2
therefore suggest thatq ;—Z[(Xffilx)2+(xg)m)2]~%[(Xg)zz)z

2 2

+( X;3y)zz)2]> %( Xg))(x)2~ ;{—'1( ngz)z. (In fact, the condition
may be further simplified, since for fairly low scattering
angles, such as used in our experiment, the terms in Eq. (10)
containing the y component of the scattered polarization—
i.e., the component parallel to the incident beam direction—
will be weak.) Even without a direct confirmation of this
condition based on measured values for the components of
), we have still, significantly, confirmed the consistency
between the polarization and §-orientational dependences of
the scattered SH light that is predicted by the theory.

The model also accounts for our finding that the SH
power detected from the 8CB sample is linearly proportional
to the area of the collection aperture (i.e., P® < R? in Fig. 5).
Under the condition on the relative magnitudes of the y©
components mentioned above, and if we assume that the
nematic elastic constants are equal to first order and that
Ax,,H? is negligible (as noted previously), the leading angu-
lar dependence of Eq. (9) can be expressed in simple terms.
Using coordinates 6, ¢, where 6 is the angle between a scat-
tered SH ray and the incident direction of the fundamental
light and ¢ is the angle describing the orientation of the SH
ray in the plane perpendicular to the incident direction, we
find 1@ ocos?(0/2)sin® ¢[1+O0(sin® )]. Neglecting the
higher order term, whose maximum value is ~0.1 in our
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experiment, we obtain the integrated SH intensity over the
aperture of radius R as:

PP = [ porre PdA o [(R? + L*)cos?(0/2)sin 6d0fsin® pd
=2(3 +cos 0)(R* + L?)sin*(6/2),

where L is the distance from the sample to center of the
aperture. For small values of #/2, one has sin?(6/2)
zJTSin2 6=R2/4(R*+L?) and cos =1, so that PP «R? to
lowest order, which accurately describes the data in Fig. 5
for 8CB [28]. This result basically stems from the fact that
1@ does not depend on the magnitude of §, provided the
term Ay, H? in Eq. (9) is small, as noted previously by CO.

As a further point of comparison, we can use Eq. (9) to
describe qualitatively the pretransitional temperature depen-
dence of the SHG observed in 8CB that is evident from the
inset to Fig. 3. According to the Landau—de Gennes phenom-
enological theory [26,29] (and also to experiments on stan-
dard calamitics [30]), the nematic elastic constants for splay
and bend distortions may be expressed in terms of the scalar
nematic order parameter S as K;=KS*+K/S® (i=1,3).
(Within the phenomenological theory, the second term is
necessary to account for the anisotropy actually observed in
the elastic constants.) For the flexoelectric coefficients, ex-
periments on calamitic liquid crystals indicate |e;—es|~S
[31], so we take e;=¢,;S. Because the third order susceptibil-
ity x® does not require nematic order for its existence, we
treat its possible dependence on S, and thus its temperature
dependence, as secondary factors. Equation (9) therefore pre-
dicts for the SH power, PP xe?/K~eh/(Ko+KS). As T
— Ty; from below, S decreases, and thus P? should in-
crease, in agreement with the data for 8CB presented in
Fig. 3.

B. Bent-core nematic (CIPbis10BB)

Now we turn to the distinctive behavior observed in the
bent-core nematic sample. The correlation between SH po-
larization selectivity and g-orientation is similar to 8CB (see
Table 1), and the fluctuation-based theory discussed above
could explain the essentially constant level of the SH signal
observed below the isotropic-nematic transition in the BCN
compound if e;~ S and the splay and bend elastic constants
scaled strictly as S2. However, the latter are known to be
anisotropic in CIPbis10BB [32]; so at least within the widely
applicable Landau—de Gennes theory for a uniaxial nematic,
higher orders of S must appear in the elastic constants, and
the scenario e?/ K~ §%/S?~ const is excluded. More signifi-
cantly, as pointed out in Sec. III, the data for CIPbis10BB in
Fig. 5 indicate that an excess band of SH light (whose power
does not simply scale with collection aperture area) is scat-
tered off the incident direction of the fundamental beam, and
into an angular range that varies with temperature just below
Ty;. In fact, the enhanced level of SH signal recorded from
the BCN with a fully open aperture (Fig. 3) can be attributed
to this halo, which is not present in the data on the calamitic
sample. It is evident that we should consider an additional
source for SH scattering to understand the results on the
BCN.
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Recent small angle Xray scattering (SAXS) measure-
ments on various BCNs [13,14], including our own experi-
ments on CIPbis10BB and a related compound [15], suggest
a possible mechanism—namely, that the presence throughout
the nematic range of short-range correlated, tilted smectic
clusters of bent-core molecules gives rise to additional SH
scattering. The SAXS data indicate that the average director
(molecular long axis) of these clusters is aligned by magnetic
fields of ~1 T, that the cluster correlation lengths are of
order a few layer spacings, and that the clusters are randomly
distributed spatially. Moreover, they are observed in BCN
samples that do not possess a lower temperature smectic
phase, and differ in this respect from the pretransitional
smectic “cybotactic” groups [33] characteristic of certain ca-
lamitics near a nematic to smectic-C transition. In the usual
smectic-C phases of bent-core compounds the individual lay-
ers are polar (i.e., the molecules are packed with a common
“bow” direction), and are stacked in either a ferroelectric (F)
or antiferroelectric (AF) arrangement. Thus, we expect that
smectic clusters in our BCN would have C, or D, point
symmetry. Some recent reports provide evidence for both
scenarios (and even suggest a transition between AF and F
clusters in certain BCN compounds) [13,34]. In both in-
stances, the clusters would be noncentrosymmetric, with the
nonzero components of ¥'? providing a potential source of
SH signal distinct from the nonlinear scattering due to
fluctuation-induced non-centrosymmetry in conventional
nematics.

Given this basis for enhanced SHG in a BCN, one must
explain the facts that the SH intensity is still rather weak, the
presence of the node in forward transmission, and the fea-
tures in the scattering in Fig. 5 occurring over optical
wavevectors, which suggest a length scale within the sample
considerably larger than the smectic cluster size indicated by
SAXS. Starting with the latter issue, we suggest that the
BCN is inhomogeneous: namely, that the sample contains
either smectic clusters coexisting metastably with a simple
nematic fluid, or a mixture of different smectic-C cluster
types, distinguished by the syn/anticlinicity and/or ferro/
antiferroelectricity of the smectic layering. This behavior is
in fact frequently observed in bent-core smectics, where ma-
jority and minority domains of different layering variants
comprise a “conglomerate” phase [35]. Either scenario could
result in distinct domains in a BCN that are substantially
larger than the individual smectic cluster size. Indeed, in
“conglomerate” smectics, minority domains have been re-
solved in electro-optical studies [35].

Moreover, it is possible that within these domains in a
BCN, orientational averaging in the plane perpendicular to

the alignment direction H reduces the net second order di-
pole moment ﬁg} (a result that can be demonstrated for ei-
ther D, or C, clusters, with the polarization in the C, case

perpendicular to H, as long as the clusters are small com-
pared to the optical wavelength and randomly oriented in

directions normal to I:I), while the surfaces of the domains,
spanning lengths comparable to A, yield a more significant
SH signal via the final term in Eq. (1) [36]. In this case of
interfacial SHG, the node in the forward direction can also
be explained. Experiments on colloidal particles [37,38],
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with SH active surfaces but no contributing interior (or
“bulk™) ?2), show both a minimum SH signal in forward
transmission and, for particle sizes ~100 nm, a pattern of
SH scattering which, when integrated over our collection ap-
erture, is rather similar to our observations in Fig. 5 [39]. To
test the speculations we have made here, additional experi-
ments on SH scattering from BCNs spanning a wider range
of angles and under applied electric fields (or perhaps re-
corded immediately after rapid removal of an E-field) could
be quite useful.

V. CONCLUSION

We have observed incoherent second-harmonic light scat-
tering in the aligned nematic phase of a bent-core liquid
crystal, and compared its properties to those observed for an
ordinary calamitic liquid crystal. Our results for the latter can
be adequately described by a theory of scattered SH light
based on flexoelectric polarization induced by conventional
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director fluctuations, as originally studied by Copic and Ovs-
enik [4] and elaborated upon in the present work, both in
terms of explicit features of the model and the range of ex-
perimental data compared to the theoretical predictions.
However, this model does not account for key results ob-
served in the bent-core nematic, particularly the angular de-
pendence of the scattered SH power indicated by measure-
ments over different collection solid angles. An intriguing
scenario to explain this behavior is the nonlinear scattering
arising from a spatial distribution of nanoscale tilted smectic
molecular clusters, whose persistence through the nematic
range has been confirmed in recent experimental studies on
various bent-core compounds.
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