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We report second-harmonic generation in samples with a pyroelectric liquid crystal
polymer (PLCP) prepared from the ferroelectric liquid crystalline acrylate monomer
4-[ (R)~(-)-2-(10-acryloyloxydecyl Joxy]-3-nitrophenyl 4-[4-(11-acryloyloxyundecyloxy)phenyl ]-
benzoate (A2¢) by in situ photopolymerization. The relation between SHG efficiency,
spontaneous polarization and amount of chiral substance in this and previously synthesized
PLCP materials is discussed. Electro-optical properties of the monomeric and crosslinked
A2c are investigated. In the crosslinked state, the molecular mobility is found to be very low,
supporting the fact that the degree of polar order in the polymer is high. In contrast to the
case of a poled electret NLO material, the polarization of this material is not ‘frozen-in’, but

an intrinsic thermodynamic property.

1. Introduction

The ultra-fast, non-resonant optical non-linearities of
molecular electronic origin in organic and polymeric
materials have attracted great research interest during
the last decade. These materials offer the possibility of
combining properties such as high intrinsic molecular
hyperpolarizability, synthetic flexibility for optimization
of non-linear optical effects and in addition good
thermal and mechanical stability; also they are relatively
cheap and easy to process [1]. Dipolar order is a
requirement for second-order non-linear optical pro-
cesses. A common problem with organic and polymeric
materials, however, is their low degree of polar order.
The reason is that it is not intrinsic: the material has to

* Author for correspondence.

be polarized to some degree by a strong external field.
This state has been frozen in. Electrically speaking, the
material is in a glassy state, analogous to a magnetic
spin-glass where the magnetically aligned spin moments
have been frozen in.

Liquid crystals are generally orientationally ordered
organic materials, but without dipolar order. The local
anisotropy axis, the director, has quadrupolar symmetry
in the sense that the lowest multipole moment that does
not vanish along the director is the quadrupole moment.
The local symmetry of the director is D » (Schonfliess).
Ferroelectric liquid crystals [2,3] (FLCs) are chiral
tilted smectics which are quite special because their
symmetry allows a local dipolar order perpendicular to
the tilt plane [2]. This means that at right angles to the
director we have a polar axis, of local symmetry Ca.

0267-8292/98 $12:00 © 1998 Taylor & Francis Ltd.
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Under certain circumstances (surface stabilization) this
can be transferred to the whole medium, which then
acquires a macroscopic polar symmetry [3]. In order
for this polar axis to stay in a fixed direction, an external
electric field might be applied. Such a field is not
necessary if the surface stabilization is perfect. Mostly
this is not the case. Our aim is to develop a material
with a high degree of polar order (high 1(2)) that is
also thermodynamically stable, both in magnitude and
direction, and as independent as possible of electric field
and temperature, and even of surfaces.

The first measurements of second-harmonic generation
in FLCs were carried out in 1981 by Vtyurin et al. [4]
using DOBAMBC. Phase-matched SHG in DOBAMBC
was reported in 1985 by Shtykov ef al. [5]. In these as
well as in the experiments to be cited in the following
text, a d.c. electric field of the order of 0-1 V um_l was
applied across the sample to line up the director homo-
geneously. The synthesis by Walba et al. [6] of com-
pound I (figure 1) was carried out in 1990 with the
specific purpose of increasing the second-order optical
non-linearity, measured to be d»=(0-6 +0-3) pm v
[7]- Since then, a great effort has gone into the synthesis
and characterization of new FLC materials intended for
NLO applications. In 1993, Schmitt ez al. [ 8 ] synthesized
4-ring compounds such as IT (figure 1) with an electron
donor amino group in the para-position to the electron
acceptor nitro group, thus creating a strong NLO
chromophore perpendicular to the molecular long axis.
The effective second-order non-linear optical coefficient
was reported to be do»~ 5 pm v at phase-matching,
which is comparable to that for inorganic non-linear
optical materials. Several other studies of SHG in ferro-
electric liquid crystals [9-15] and ferroelectric liquid
crystal side group polymers [ 16, 17] have been carried
out. Recently, SHG induced by the electroclinic effect in
the SmA* phase was also reported [18].

The problem with the ferroelectric liquid crystalline
state, however, is that the polar order is thermally limited
to the SmC* phase (or any other chiral tilted smectic
phase), and it has poor mechanical properties. A way
to overcome these problems is a stabilization by photo-
initiated crosslinking, creating a thermally and mech-
anically stable polymeric network which is no longer
switchable, and therefore not ferroelectric but pyro-
electric. In 1995 the acrylate compounds Al and A2
(figure 1) were synthesized, and stable, pyroelectric liquid
crystal polymer (PLCP) networks from mixtures of these
were made which showed second-harmonic generation
[19,20]. A1l is the chiral monomer, and it is mono-
functional. A2 is non-chiral, but bifunctional, in order
to allow crosslinking. Later, the compounds Alb and
A2b were synthesized, and mixtures of different com-
binations of these and of A1 and A2 were examined

with respect to their spontaneous polarization [ 21]. The
aim was to increase the concentration of NLO chromo-
phores, in order to increase the non-linear optical
response, by adding lateral nitro groups to the non-
chiral bifunctional monomer. However, the spontaneous
polarization increased only when the concentration of
chiral monomers was increased in the mixture. In 1996
a single monomer, A2c, was therefore synthesized which
combines chirality and bifunctionality in one compound
[22]. This compound shows a large spontaneous polar-
ization (160-170 nC cm_z) in the SmC* phase at room
temperature.

2. Experimental

Shear cells of conventional sandwich type were filled
with the monomer A2c. Five samples with A2c¢ were
prepared, which in the following will be denoted A, B,
C, D and E. The spacer thickness was 2 um for samples
A-C and E, and 4 um for sample D. The spacers were
prepared by evaporating SiO directly onto the glass plates.

In samples A-C, the monomer was mixed with the
photoinitiator Lucirin TPO in the proportion 250:1 (see
figure 2). In samples D and E the pure monomer was
used. Good planar alignment in the bookshelf geometry
was obtained by shear with the simultaneous application
of an a.c. electric field. After initial heating to 40°C and
slow cooling into the SmC* phase at room temperature,
a clear, ferroelectric switching was obtained with a tilt
angle of more than 30°. At 25°C the ferroelectric liquid
crystalline acrylate monomer in samples A-C was
crosslinked by UV-photopolymerization while applying
an electric d.c. field, selecting a definite direction of the
optic axis, thus creating a thermally stable, optically
anisotropic poled polymer network. The resulting
locked-in SmC* tilt angle of the polymer network turned
out to vary between the samples which were designated
A, B and C in order of decreasing tilt (see the table).

Measurements of second-harmonic generation were
carried out on samples A, B and D in two different set-
ups with pulsed Nd: YAG lasers. The measurements on
sample A were carried out with a Spectron laser operating
at 1064 nm wavelength with a pulse width of 10ns at a
repetition rate of 10 Hz. The measurements on samples
B and D were carried out with a Continuum Sunlite
OPO laser system with a pulse width of 7-8ns at a
repetition rate of 10 Hz, which in the present experiment
was set to operate at 1100 nm wavelength. In both cases,
one or several visible-cut filters were placed in front of
the sample allowing only fundamental light to reach the
sample, and an IR-cut filter was placed behind the
sample, eliminating any remaining fundamental light
after the sample.

In the Sunlite OPO set-up, one or several narrow
band-pass filters were also placed in front of the detector
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Figure 1. The chemical structures of the compounds I [6], IT [8], and of the mono- and bi-functional acrylate monomers Al,
A2, Alb, A2b and A2c.
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Figure 2. The photoinitiator Lucirin TPO, and the reaction
on UV-illumination. Both products of the reaction are
active in the subsequent polymerization process.

Table. The locked-in tilt angle
of the polymerized samples.

Sample Tilt angle/®
A 33
B 24
C 20

(AA=5-10nm) to ensure that only the second harmonic
light was detected. The signal from the photomultiplier
could thus be attributed to the visible, second-harmonic
light generated in the sample. The intensity of the funda-
mental light was simultaneously measured by a second
photomultiplier or photodiode. With a polarizer for
infrared light before the sample and an analyser for
visible light after the sample, the polarization com-
binations p-p and p-s were selected, with p denoting the
polarization direction in the plane of incidence and s
denoting the polarization direction orthogonal to the
plane of incidence. In the SHG measurements no
electric field was applied to the crosslinked samples; to
sample D, a d.c. bias field (100 V across 4um) was
applied.

The electro-optic measurements were carried out on
samples A-C and E with a standard electro-optic set-up
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based on a polarizing microscope with an angular
turntable. The sample was turned so that its optic axis
made an angle of 22:5° with the polarizer, to obtain
linear detection. The optical transmission through
crossed polarizers was monitored by a photodiode con-
nected to an oscilloscope. An applied a.c. electric field
of triangular wave shape was applied to the samples.

3. Physical properties of the monomer A2c

The monomer A2c¢ was found to have two liquid
crystalline phases between the solid (crystal) and the
isotropic liquid states. The low temperature phase is the
SmC* phase, where a clear, ferroelectric switching could
be observed. The high temperature phase, however, has
not yet been identified clearly. The transition temper-
ature between the SmC* phase and the high temperature
phase was about 33°C on heating, and about 1° lower
on cooling.

The low temperature phase (SmC*) and the high
temperature phase are both highly twisted phases. In
the case of the SmC* phase the pitch is about 0-4 um
[22]. In the case of the high temperature phase, when
no electric field is applied, a characteristic blue texture
is observed using the polarizing microscope, indicating
a helical structure of the liquid crystal with the helix
axis normal to the cell glass plates (see figure 3).
Upon lowering the temperature into the SmC* phase, a
planar texture with several, small domains appears
spontaneously.

At low electric field strengths in the SmC* phase,
below a critical field, the SmC* helix is only partially
unwound. This deformed helix switching gives a linear
deflection of the optic axis with the electric field. The
critical field for unwinding the SmC* helix completely
is about 3 V um_l. At higher electric field strengths the
current and optical responses typical of a ferroelectric
liquid crystal are observed.

Applying an electric field in the high temperature
phase, at a certain electric field strength the blue texture
changes into a parallel aligned texture. The transition
between the two textures is quite sharp. In slightly
wedge-shaped samples it is possible to observe a clear
border between the two textures at a certain applied
voltage, due to the changing electric field strength caused
by the varying distance between the electrodes. This
border is readily moved back and forth when the voltage
is slightly varied. In the planar texture the liquid crystal
switches: i.e. the electric field induces an in-plane
deflection of the optic axis of the sample.

A measurement on sample E of the field-induced
deflection of the optic axis in the two phases on the
application of a constant electric field of 35V um_l is
shown in figure 4 as a function of temperature. In the
SmC* phase, the deflection is of the usual molecular tilt

angle of the mesogens with respect to the smectic layer
normal, which is found to decrease with increasing
temperature. In the high temperature phase, the field-
induced deflection of the optic axis, which lies in the
plane of the cell, was inferred from the measured angular
difference between the two extreme orientations of the
optic axis at positive and negative applied voltage. The
angle of this deflection is found to be about 15° at
35V um_l, and virtually independent of temperature.

The experimental findings are inconsistent with a
SmC*-SmA* phase transition, in particular the existence
of a helical axis at zero field in the high temperature
phase. Possible alternatives as to the nature of the high
temperature phase of A2¢ are a tightly twisted cholesteric
phase or some TGB phase, like TGBC*. However, the
temperature range of about 5-6 degrees is relatively
broad for a TGB phase. The absence of hysteresis in the
electric field strength in the transition between the
standing helix and the in-plane optic axis textures, as
well as the small thickness of the sample cells (2—4 um),
make a TGB phase unlikely. The correct phase assign-
ment is thus more likely to be cholesteric than TGB.
With this interpretation, the observed field-induced
deflection of the optic axis is nothing but the flexoelectro-
optic effect in a short pitch cholesteric liquid crystal in
the uniform lying helix (ULH) texture [23,24]. The
field-induced helix deformation in the cholesteric phase
would then give a linear deflection of the optic axis as
a function of the applied electric field, but would be
independent of the temperature.

The nature of the cholesteric or cholesteric-like phase
of A2c¢ is currently being investigated in more detail.

4. Electro-optic investigations of the polymer network

If the mesogenic units in the polymer network are
not completely locked-in by the crosslinking, they will
still have the possibility of reorienting slightly. It is then
possible to induce a slight deviation from the locked-in
tilt angle through the coupling between the applied
electric field and the spontaneous polarization of the
material, i.e. through the electroclinic effect [25]. This
effect was found in all three polymerized samples, and
measurements of the induced tilt angle as function of
the applied electric field are shown in figures 5 (a) and
5(b) for sample B and sample C, respectively. The
frequency dependence of the induced tilt angle was
measured for samples A, B and C, as shown in
figures 6 (a)—(c).

The induced tilt angle varies linearly with the applied
electric field, as expected for the electroclinic effect, but
the magnitude of the induced tilt angle is of the order
of 0-1° for samples B and C, and about 0-4° for sample
A. These tilt angle values are very low, and they corre-
spond to an angular deviation of the director of 0-4%,
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0-5% and 12%, respectively, with respect to the
locked-in tilt angles given in the table.

The induced tilt angle does not follow a simple Debye
relaxation with a single relaxation time and a cut-off
frequency. The behaviour of the induced tilt angle
expected from the simple Debye relaxation is shown by
the solid curve in figure 6 (a), calculated for a cut-off
frequency of 1kHz. At low frequencies, the induced tilt
angle would be independent of the frequency; at higher
frequencies, the induced tilt angle would start to
decrease. The decrease would depict a straight line with
a constant, negative slope, when plotted in a linear
logarithmic diagram. The cut-off frequency is defined by
the constant, low frequency value of the induced tilt
angle divided by 2"2. The induced tilt angle which
was measured for the polymer networks, however, is
found to decay very quickly with frequency, depicting
a frequency-dependent negative slope in the linear
logarithmic diagram. In no frequency region is the
value of the induced tilt angle found to be frequency-
independent. The cut-off frequency is thus zero. This
indicates that the mesogenic units are strongly hindered
in their reorientation.

The frequency measurement was carried out par-
ticularly carefully for sample C at room temperature,
and at very high frequencies an interesting phenomenon
occurred. The induced tilt angle decreased for frequencies
up to about 100 kHz. At higher frequencies the amplitude
of the optical response started increasing again. At the
same time the temperature of the sample, which was
continuously measured during the entire measurement,
started increasing slightly. A slight shift in the relative
phase between the applied electric field and the optical
response could also be observed. Below 100kHz the
temperature of the sample was 25-26°C; at 200kHz
the sample temperature was 27-7°C. At a frequency of
1 MHz the temperature of the sample increased very
quickly, and was measured to be 37-7°C. At the same
time the relative phase between the optical response
and the applied electric field had shifted to about a
quarter of a period. The polymer network thus has a
resonance frequency in the MHz range, causing a strong
spontaneous heating of the sample.

On the low frequency side, a marked drop in the
induced tilt angle was observed below 40 Hz. A saturation
of the optical response was observed in this frequency
region, suggesting the screening of the applied electric
field by free charges.

5. Chiral strength and spontaneous polarization
The spontaneous polarization for the monomers Al,
A2, A1b and A2b mixed in different proportions was
reported in [21], and it was concluded that only the
lateral dipoles which are close to a chiral centre give a

contribution to the spontaneous polarization. Hence,
attaching nitro groups to the achiral bifunctional meso-
genic acrylate monomer (i.e. turning A2 into A2b) does
not make the value of the spontaneous polarization
increase. Moreover, the dependence of the spontaneous
polarization on the molar percentage of chiral mesogenic
monomers was found to be non-linear. These points are
made evident in figure 7, where the data from [21] have
been replotted for the different mixtures as functions of
the molar percentage of chiral monomers, at the reduced
temperature t= 7/Tc = 0-96. Included in figure 7 is also
the value of the spontaneous polarization of A2c¢ at
=096, obtained from Ps data in [22].

The spontaneous polarization is thus highly dependent
upon the molar concentration of chiral centres in a
SmC* mixture. Since second-harmonic generation occurs
only in non-centrosymmetric media, the second-order
optical non-linearity of a SmC* or SmC* based material
must also depend on the concentration (i.e. mole
fraction) of chiral solute, which we might loosely call
‘chiral strength’. A correlation between the temperature
dependence of the spontaneous polarization and that of
the NLO d-coefficients has been reported several times
before in the literature for ferroelectric liquid crystals
[7,8,15].

There are mainly two contributions to the non-linear
dependence of the spontaneous polarization on the
molar percentage of chiral units. One is the difference
in size (i.e. volume) of the two different molecules. The
other is the dependence of the polar order (i.e. the bias
in the rotational distribution of lateral dipoles around
the molecular long axis) on the chiral strength.

The spontaneous polarization, under the assumption
of perfect nematic order (S=1), can be expressed as

[15]
Ps=N{w (1)

where N is the number density of lateral dipole moments
and </4> is the average value of the lateral dipole moment
with respect to the degree of polar order. In a mixture
consisting of two differently sized molecular species A
and B, N is the number density of chiral species A. The
number density is in turn the number Xa of chiral
species A per unit of volume of the mixture, N = Xa/Viot
where Viot= Va+ VB under the assumption of an ideal
mixture, which is equivalent to the volume fraction va
of the chiral species divided by the (microscopic) volume
ba of a molecule of the chiral species (see the Appendix).
In other words, N in equation (1) is directly proportional
to the volume fraction va.

The dependence of the volume fraction va on the mole
fraction Xa of chiral species A in the mixture is given
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Figure 3. The blue texture of high temperature phase of the monomer A2c, implying a standing helical structure of the
liquid crystal.
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Figure 4. The tilt angle in the SmC* phase and the field-
induced optic axis deflection in the high temperature
phase as a function of temperature of the monomer A2c,
under an applied electric field of 35V um_l.

by (see the Appendix for a derivation)

nxA

A (= Dxa

(2)

where n=ba/bp denotes the relation between the
(microscopic) volumes bap of molecules A and B,
respectively. Equation (2) is a non-linear function of
the mole fraction, which directly gives a non-linear
behaviour of the spontaneous polarization on the mole
fraction xa. It may be noted that if the molecules of the
two species have the same volume (n=1), then the
volume fraction equals the mole fraction exactly. If
species A is bigger than species B (n>1), the curvature
of equation (2) is negative (d2 yaldxx < 0), and vice versa.
The positive curvature described by the data in figure 7
is consistent with the monofunctional monomer being
smaller than the bifunctional monomer.

In the limit of pure achiral component B, the medium
becomes centrosymmetric. It follows that there can be no
net lateral dipole moment in this case, implying {u) =0
when xa =0. From this it follows that the average value
of the lateral dipole moment must depend on xa.

The average lateral dipole moment in the SmC* phase
is in general given by a microscopic model for the
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Figure 5. The field-induced deviation of the mesogenic units
from the locked-in tilt angle of the polymer network of
A2c, as function of applied electric a.c. field at 40 Hz and
4 kHz, respectively. (¢) Sample B; (b) sample C.

rotation of the molecules around their long axes [ 26, 27]:
(w = py{cos yp (3)

where v is the angle of rotation around the molecular
long axis and u, is the microscopic lateral dipole
moment of one molecule. When w =0, the molecular
dipole points in the same direction as the C» axis.
{cos y/> is the order parameter of the lateral dipoles,
and is given by the Boltzmann average

27[

J cos yexp[— U(y)/kT ] dy
0
lcosyp="—% 4)

exp[— U(y)/kT ] dy

where the potential U is given by
U(y)= —a10cos y/—a2920052y/. (5)

The first term, being linear in the tilt, describes the
dipolar order and is therefore chiral. The second term,
being quadratic in the tilt, describes the quadrupolar
order and is therefore achiral. The potential has
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Figure 6. The field-induced deviation of the mesogenic units
from the locked-in tilt angle of the polymer network of
A2c¢, as function of the frequency of the applied electric
a.c. field, at SOVum_l. (@) Sample A; (b) sample B;
(¢) sample C.
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T

minima at w =0 and y = +n, where the minimum at
v =0 is deeper due to the chiral term. It thus biases the
rotational distribution of the molecular dipoles around
the molecular long axis, in the direction of the C; axis.

If xa is the mole fraction of chiral solute, then the
chiral term in equation (5) will have less influence on
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Figure 7. The spontaneous polarization of mixtures of some
of the acrylate monomers shown in figure 1, as a function
of the content of chiral monomers at the reduced temper-
ature t=T/Tc=0-96. The solid line is a curve fit, as
explained in the text; A2¢ was not included in the curve fit.

the rotational distribution of the lateral dipole. This
may be taken into account by multiplying the chiral
term by xa, so that the following potential is obtained
for a dilute system:

U(y, xA) = —ai1xa0cos y/—a2920082y/ (6)
where xa € [0, 1]. Inserting equation (6) into (4) gives

. 2T + ar6”
4(kT) + (a10)° x4 + (4209

{cos ) =arxa (7)
Rewriting equation (7) in terms of two dimensionless
parameters x and y, making explicit the dependence
on the mole fraction xa, the dependence on xa of the
average dipole moment </4> is obtained as

KXA

= 8
W= ®
where
2kT
a0 d ay
=—>_ 5,  an =5 5
K 4lc2T2 a , v 4lc2T2 a% 2
airaz0 al a1 0 ai
9)

Inserting equations (2) and (8) into equation (1) the
following relation is obtained for the spontaneous
polarization as a function of mole fraction xa of chiral
species A:

2

MK XA
Ps=N = .
s =Nw ba L1+ X101+ (n— Dxal

(10)

Equation (10) was fitted to the spontaneous polari-
zation data, with u x/ba and y being the fitting para-

meters, for different fixed values of n in the range 0-6 to
1-2. The best fit was obtained for the value n=0-78,
giving the values u klba=(295+11)nCem " and

y=1(6-26 £0-66) X 10", and is shown as the solid line
in figure 7. The result n =0-78 means that the volume
of an individual monofunctional chiral monomer is
about 80% of that of the bifunctional achiral monomer.
This is a reasonable result considering the structural
formulae of the monomers A1 and Alb with respect to
A2 and A2b.

6. Chiral strength and the second-order NLO
susceptibility
The second-order non-linear optical coefficient 1(2) is
given by [1]

2P =NFp) (11)

where <,B> is the average value of the molecular
hyperpolarizability with respect to the degree of order,
F= frfofo 1s the product of the Lorentz local field
factors given by

()’ +2 (o) +2
- 5 20—

; ; (12)

where no and n2e are the refractive indices as seen by the
fundamental and second-harmonic waves, respectively.
The molecular hyperpolarizability is given by [15]

(g =pcos’ v (13)
which, when using equations (6) and (4) with cos’ v in
the integrand instead of cos y, gives the same functional
dependence of <,B> on the mole fraction xa of chiral
species A as that of {y) in equation (8):

U
K XA

<'B>:'BJ'1+;/X/2\’ (14)

where the only difference is the parameter «’, which is
slightly different from x and given by

1-5kT
+0

a0

’

K= (15)
4k2T2+292

2
aiaz6 ai

The parameter y, however, is the same as in equation (9).
The second-order non-linear optical susceptibility is then
obtained as

’

B x ’C/2\
ba 1+ 11+ (n— Dxal
(16)

Equations (10) and (16) imply that if the spontaneous
polarizations and the second-order non-linear optical
susceptibilities at two different mole fractions xa = x1, x2

K =NF(p=F
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are compared, the respective relationships should be
equal, i.e.

Ps(x2) 27 (x2)

= . 17
Psx1) 2P ) (17)

From the measurements of the spontaneous polarization
in figure 7, the susceptibility for A2c¢ is expected to be
about 8 times greater than that for the mixture A1:A2
30:70 and about 6-4 times greater than that for the
mixture A1:A2 35:65.

7. Second-harmonic generation in the QBS geometry

Second-harmonic generation in ferroelectric liquid
crystals is usually measured in the homeotropic geometry
in thick (10-200 um) cells, with the electric field applied
in the plane of the glass plates instead of across it. In
our case, however, second-harmonic generation was
measured in thin (2—4 um) planar aligned samples in the
quasi-bookshelf (QBS) geometry, where the smectic
layers are essentially perpendicular to the glass plates.

The sample geometry is shown in figure 8. The y-axis
is chosen to be normal to the glass plates, which corre-
sponds to it being parallel to the polar Cz-axis of a
sample with bookshelf geometry. The z-axis is chosen
parallel to the optic axis, i.e. the director. The x-axis
thus lies in the plane of the cell glass plates, in a direction
perpendicular to the director. The angles 9 and ¢
denote the angle of incidence and the azimuthal angle,
respectively, and are measured with respect to the y and
z axes, respectively. The angle 9 denotes the incidence
angle in the material. The incidence angle outside the
sample is greater, as the light is refracted at the air—glass
interface. This angle will in the following text be denoted
a. The refractive indices of the glass and the material

Y,

resenopspearavs (V

Xehhminae

SebteerrEeritoretiy

Figure 8. The geometry and the definition of the coordinate
system for the SHG measurements.

are similar, so the refraction at the glass—material inter-
face has been neglected. The angles of incidence 9 and
o are then related by Snell’s law as

sin o = ng sin 9 (18)

where ng =1-52 is the refractive index of glass. When
¢ =0 the plane of incidence coincides with the yz-plane,
and so the optic axis lies in the plane of incidence. When
©=190° the plane of incidence instead coincides with the
xy-plane, and the optic axis is perpendicular to the plane
of incidence. With both the fundamental and second-
harmonic waves polarized in the plane of incidence
(pp-polarizations), ¢ =0 corresponds to both of them
being extraordinary waves (eee-interaction), and ¢ = 90°
corresponds to both of them being ordinary waves
(ooo-interaction). Similarly, ps-polarizations (second-
harmonic wave polarized perpendicular to the plane
of incidence) correspond to the eeo-interaction when
@ =0, and to the ooe-interaction when ¢ = 90°.
The SHG conversion efficiency esuc is given by [1]

bo 2 degw’l’ . [ Akl
eSHG = = 33 2  losInC | —_ (19)
1o £0C0 Nollo 21

where I» and Lo are the intensities of the fundamental
and second-harmonic beams, respectively, der is the
effective second-order NLO coefficient (2d=x(2)), o 18
the (angular) frequency of the fundamental light, / is the
interaction length, and ne and n2e are the refractive
indices as seen by the fundamental and second-harmonic
beams, respectively. The factor sinc’x = Sinz(nx)/(nx)z
takes into account the phase mismatch Ak = k2o — 2ko=
4r(n2e— nw)/ Ao. The quantities derr and / depend on the
angle of incidence, 9. If any of the waves is extraordinary,
then ne, n2o and Ak also depend on 9. The interaction
length is given by

1(9)= (20)

cos 9

where /o is the cell thickness. The refractive index for an
extraordinary wave with a wavevector making an angle
¢ with the director or optic axis is given by

1 cos’ ¢ sin” ¢
= + )
nez(C) no ne (2D

For the case ¢ =90° the director is perpendicular to
the plane of incidence, whence the wave-vector is perpen-
dicular to the director for all angles of incidence, 9.
Hence, {=n/2 independently of 9. For the case ¢ =0,
however, the director is in the plane of incidence and ¢
is related to the angle of incidence 9 as {=n/2— 9.
Rewriting equation (21) for the case ¢ =0 in terms of 9,
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we thus get
1 . sin 9 cos’ 9
[T ) oy
and
1 sin 9 cos’ 9
L 2 ) (22)

The expression for der for collinear second-harmonic
generation is formally given by

deff:(;2md ZL:mL:m (23)

where the ¢o and ¢20 are unit vectors describing the
direction of the linearly polarized fundamental and
second-harmonic waves, respectively, and where d is the
tensor of the non-linear optical coefficients. In the case
of Cy point group symmetry, which applies to ferro-
electric liquid crystals and pyroelectric liquid crystal
polymers, the d-tensor is given by

0 0 0 diu 0 di
d=|dis dn d3 0 dis 0 (24)
0 0 0 dy 0 da

where the polar C, axis (the spontaneous polarization)
is parallel to the y-axis, and where Kleinman symmetry
has been assumed (i.e. the non-linearity is completely
non-resonant). From equations (23) and (24) the
expressions for der for the cases ¢ =0 and ¢ =90° with
pp- and ps-polarizations, respectively, can be found for

the planar FLC/PLCP cell geometry to be:
def(9) = 3d16 cos” 9 sin 9+ da sin’ 9 ©=190° pp (000)

def(9) = —di4sin 29 ©=90° ps (ooe)

deii(9) = 3da3 cos” 9 sin 9+ day sin” 9 ©=0° pp (eee)
defr(9) = d14sin 29 =0° ps (eeo)
(25)

where the refraction at the glass—liquid crystal interface
has been neglected. Equations (25) are valid under
phase-matching conditions, where all the interacting
waves are collinear (equivalent to Ak =0). With a phase
mismatch, the interacting waves have slightly different
directions, as given by Ak [ 1]. In thin samples, however,
the deviation from collinearity should still be small as
the interaction length is short, whence equations (25)
are taken to be valid in the subsequent analysis with
this approximation.

8. SHG experiments and analysis
A very clear and easily detectable SH signal from
sample A is shown in figure 9(a) as a function of the
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Figure 9. The SH signal (532 nm) from sample A as a function
of angle of incidence. (a) ¢ = 180°, pp-polarizations, eee-
interaction; (b) ¢ =90°, pp-polarizations, ooo-interaction;
(c) ¢ = 180°, ps-polarizations, eeo-interaction.

angle of incidence at ¢ = 180°. The signal shows a good
symmetry profile. Next, the SH signal at ¢ =90° for
pp-polarizations is shown in figure 9 (). In this case, the
minimum of the symmetry profile is shifted about 13°
towards positive a. Figures 9 (a¢) and 9(b) thus suggest
that the polar Cz-axis of this sample makes an angle of
about 13° in terms of a with the y-axis, and that it lies
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in the xy-plane. Finally, the SH signal at ¢ =290° for
ps-polarizations is shown in figure 9(c), and is found to
be about one order of magnitude weaker than for
pp-polarizations.

The dependence of the SH signal on the azimuthal
angle ¢ was measured for sample A, and is shown in
figure 10 for the case a = —42-0°. Four lobes of maximum
SH intensity were found. If the sample is turned around
the y-axis through 180°, the same SH intensity is
expected to be found, since in the planar bookshelf
geometry both the optic axis and the polar axis are
invariant to such a rotation. In this case, however, since
the polar axis is tilted with respect to the y-axis, a 180°
rotation around the y-axis will also rotate the tilt plane
of the polar axis by 180°. Then, the angle between the
polarization vector of the fundamental light and the
spontaneous polarization of the sample will be different
upon such a rotation, and the SH signal intensity will
be different as well. This is clearly seen in figure 10 by
the fact that the lobes around 90° and 270° have a very
different magnitude. That the tilt plane of the polar axis
of the sample is the xy-plane is also evident in figure 10
from the similar magnitudes of the lobes around 0° and
180°, in which situation the xy-plane is perpendicular to
the plane of incidence.

According to equation (19) the intensity of the SH
light is proportional to the square of the fundamental
light intensity

Do Io. (26)

The SH intensity was therefore measured as a function
of fundamental light intensity for the case o= —42:0°
©=90°, and the result is shown in figure 11.
Equation (26) is obeyed by the SH signal of the polymer,
confirming the true electronic origin of the second
harmonic generation in the polymer.

A measurement on a reference sample of a 500 um

90

300

270

Figure 10. The SH signal (532nm) from sample A as a
function of azimuthal angle, at o = —42-0°. Polarization
combination: pp.

1207 .
100;
80:—
12m60_

40r

G0 ‘ 20 40 60 80 100 120

Figure 11. The SH signal I (532nm) from sample A as a

function of fundamental light intensity, /v, at = —42-0°.
Polarization combination: pp. The solid line is a square
function.

thick slab of LiNbOs was performed for the same set-up
that was used for the measurements on Sample A, under
the same circumstances and at the same intensity of
fundamental light; this is shown in figure 12. The SH
intensity units in figures 9 (¢)-12 are thus directly com-
parable. The LiNbOs crystal was rotated around its
polar z-axis. The intensity at normal incidence thus
corresponded to the coefficient d33 as being responsible
for the SHG, but being non-phase matched.

In order to analyse the measurements and estimate
the non-linear optical coefficients of the polymer A2c,
it is convenient to rewrite equations (19), (20) and (25)
as a product of a dimensionless factor i(9) including all
of the angular dependence of the SH signal and a
constant factor K containing the dimension. This means
that K will contain one of the independent elements
of the d-tensor, which in the case of C, symmetry is

30— —————————
210°F
210°F

1107

SH signal /a.u.

510%

% 40 20 0 20 40 e
Angle of incidence, o, [°

Figure 12. The SH signal Lo (532nm) from a 500 um thick
slab of LiNbOs;, used as reference for the evaluation of
the SH signal from sample A, as a function of incidence
angle, a. The polarization combination is ss, being
equivalent to the eee-interaction—hence, the signal is
non-phase matched. At normal incidence, a =0, defr = d33.
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most conveniently chosen to be d»2. We thus have the
following relations and definitions:

Dho(3) = Ki(9) (27)
where
202 2
8n dnlw
k=5 (28)
£0C0
and where
2 2 .2
0eff(3) & sin” o(9)
() = 29
) 2 g nu(8) cos 8 o2(9) (29)
The symbols ¢ and &g are defined as
&o
o(9)=2n [720( ) — ne(9)| (30)
cos 9
and
lo
=—. 31
&o % (31)

The reduced effective non-linear optical coefficient
Serf(3)is given by

Seir(9) =3816c0s” 9sin 9+sin’ §  (000) (a)

Seff(9) = — S148in 29 (ooe) (b)
Seii(9) =38y cos” 9 sin 9+ sin” 9 (eee) (c) 32)
Seff(3) = S14sin 2.9 (eeo) (d)
where
Oeff(9) = M:&ézﬂ, 5235@, 514Eﬂ.
d»n dxn d»
(33)

In figures 13(¢) and 13(h) are shown curve fits to
equation (27), with equations (22) and (28)—(33) inserted
into it. The internal angle of incidence was first calculated
by equation (18). Since the Cz-axis was inclined with
respect to the y-axis, the minimum position of the curves
was then shifted in order to coincide with zero angle of
incidence, so that the angle 9 given in the figures is the
internal angle of incidence with respect to the polar
C»-axis, enabling equation (27) to be fitted correctly to
the data. In the fits, it is necessary to give the ordinary
and extraordinary refractive indices at the two wave-
lengths—these cannot be found from the fits since the
sample is too thin to be able to show several Maker
Fringes. Based upon a refractive index measurement for
the isotropic phase with the m-line method yielding
niso = 1-556 for A2¢, and a birefringence in the visible
w’— " of about 0-1 [22], together with an assumed

dispersion of 0-05 typical of FLCs, the following values
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Figure 13. A curve fit of equation (27) to the SH signal from
sample A as a function of internal angle of incidence,
9, for (@) ¢=90° ooo-interaction and (b) ¢ =180°,
eee-interaction.

of the refractive indices have been used in the fits:
n’=1-52.
(34)

With & =2 the fits in figures 13(¢) and 13(b) yielded
the following values for the parameters:

=157 n=147 =162

K=(339+13) a.u.
816=0-296 + 0-008 (35)
823 =0-496 + 0-002.

The sensitivity of the fit parameters to variations of the
refractive indices was checked as well. A variation of
about 8% of the refractive indices gave variations of
about 17% in K and 21% in the § values. We thus get
the following ranges for the values of the fit parameters:

K=(339 £ 13 £58) a.u.
616 =0-296 £ 0-008 4 0-063 (36)

023 =0-496 £0-002 - 0-104.
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According to equation (27) the SH signal from the
polymer (P) can be compared with that of LINbO3 (L)
in the following way:

I50(9p) = Kpip(9p)
Ilz“m(SL) = KriL(9L)

_ Do(9p) iL(1)
I50(91) ip(9p)

—=Kp

(37)

where the SH signals are compared at incidence angles
9p and 91, not necessarily being equal. For the case
9L =0° (normal incidence) the effective d-coefficient of
LiNbOs is d33, i.e. 51e)ff(0) = 1. The refractive indices of

LiNbO3s are
=225 w2’ =12-24.

(38)

W=216  w’=234

Normal incidence implies (eee)-interaction. With & =500/
1-016 =492 this gives iL.(0) =0-2547131. The intensity at
normal incidence (see figure 12) was Iljm(O)=2-4>< 10" a.u.
Equation (37) may in this case be rewritten as

(0 1/2
dlz)zz(KPIl;((O))) i (39)

which with the above values gives dx =(0-083 +
0002+ 0-007) pm V™' for the polymer A2c. With
equation (36), we thus get the following values for the
d-coefficients:

d»=(0-083 +0-007) pm V'
di6=(0-025 +0-008) pm V'
d23=(0-041 £0-013) pm V"~

where the error limits are due almost entirely to the
uncertainty of the refractive indices of A2c.

In the measurement of figure 9(c) the coefficient di4
gives rise to the second-harmonic generation. The signal

3.010° ———

25107 ]
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Figure 14. The SH signal (550nm) from sample B as a
function of angle of incidence. The signal is two orders of
magnitude weaker than that from a film of the poled
polymer PMMA-DR1 of a similar thickness.

was about 20 times weaker than that in figure 9 (b),
giving

dig~0-01—0-02 pm V™.

The SH signal obtained for sample B is shown in
figure 14 as a function of angle of incidence. The signal
profile is symmetric. As a rough check of the results on
sample A a comparison of this signal with a poled
polymer of PMMA-DR1 of a similar thickness gave
the SH signal intensity /o of the polymer A2c as
roughly two orders of magnitude lower than that of the
PMMA-DRI1 polymer. This implies that the second-
order non-linear optical coefficient of A2¢ is about one
order of magnitude lower than that of PMMA-DRI.
For PMMA-DR1 d33=2-5pm V' [1], giving the esti-
mation of daze~0-2 pm V™' for A2¢ which is of the
same order of magnitude as d»» ~ 01 pm v according
to the analysis above.

Measurements of second-harmonic generation on
sample D with the monomer A2¢ were also carried out
for several combinations of 9 and ¢, under the appli-
cation of a d.c. bias voltage of 100 V. An example is
shown in figure 15. The SH signal was easily detectable,
and of a similar or greater strength as that for the
crosslinked samples. A more detailed analysis of these
measurements will be presented elsewhere.

Second-harmonic generation was previously demon-
strated by us in [20] for both crosslinked and mono-
meric samples of mixtures of A1 and A2 in the molar
proportions 30:70 and 35:65, respectively. The SH
signal from the A1:A2 mixtures was much weaker and
more difficult to detect than that from A2c¢, in accordance
with the expectations from equation (17). The upper
limit for the d-coefficient of the 35:65 A1:A2 mixture

SH Intensity Ja.u.

e e 2 o o oo
S R
T T T T T

Il 1 ] 1 1

@
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Figure 15. The SH signal (550 nm) from the monomer A2c,
sample D, as a function of angle of incidence, at ¢ = 195°.
Polarization combination: pp. A d.c. bias voltage of 100 V
over 4 um is applied.
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is 0:017 pm V™', which gives daaze/dara2>4-9. This
is consistent with the spontaneous polarization data,
giving Psaze/Psa1a2 = 160/25= 64 for the 35:65 Al1:A2
mixture.

9. Discussion

The SHG measurements on the polymer A2c very
clearly confirm the presence of a permanent, thermally
stable polar order. The thermal stability of the material
was checked by another measurement on sample B
about one month after the first measurement in figure 14
was performed. A clear SH signal was still obtained,
albeit about half as strong as the signal shown in
figure 14. In contrast, no SH signal whatsoever could
be detected for the PMMA-DR1 poled polymer one
month after the first measurement. In comparison with
conventional poled polymers, the pyroelectric liquid
crystal polymer has a very good thermal stability.

The shift of the minimum of the SH signal in figure 9 (b)
by about 13°, implying that the spontaneous polarization
vector is tilted with respect to the normal of the cell
glass plates, seems to be characteristic of crosslinked
A2c. Subsequent measurements of second-harmonic
generation in polymerized samples of Alb and A2c
(without any electric field applied) have shown this effect
only for A2¢ and not for Alb. These results will be
published elsewhere.

The method of analysis presented in this work is
suitable for the planar FLC geometry (SSFLC or QBS).
Usually, the homeotropic geometry is used for SHG
measurements. In our case, however, A2c is a very tightly
twisted SmC* material, requiring a threshold electric
field of 3V um_l in order to unwind the helix (for most
FLCs, only a threshold of the order of 0-1 V um_l is
required). This fact has made it impossible so far to be

+The SH signal for a 2 pm sample of a 35:65 mol % A1:A2
mixture was reported in reference [ 20] to be about 1000 times
smaller than the signal from a quartz reference. In order to
compare the signals, that of the sample cell should be extra-
polated to the signal that would be obtained from a sample
where the interaction length / is half the coherence length
Ic =2n/Ak of the interaction. The extrapolated signal would
thus be a factor of

. Ic/2 . li B
sin’[ n—— sin’[n— |~ 1/(rlllc )2 =510
Ic lc

greater by way of equation (29) with o= Akl/2 = rl/lc. Typical
coherence lengths are about 10pum, and since />1lp=2um,
the extrapolated SH signal of the sample would be a
factor of <7‘E_2(10/2)2=(5/TC)2 greater. This gives the relation

between the d-coefficients of A1:A2 and quartz as
dxtaz<[(5/m)*/1000 1 dQuartz. which for dguar, =034 pm V™'

gives da1.42<<0-017 pm V™. The reported higher value of
about 04 pm V™ in reference [20] for the A1:A2 mixtures
was due to an overestimated coherence length.

able to unwind the helix in the homeotropic geometry
and to keep it unwound during the polymerization.
Independently of this, however, it is useful in itself to be
able to make an analysis of planar oriented samples,
since this is the most probable geometry for any non-
linear optical FLC/PLCP device applications, such as
non-linear optical waveguides [ 10, 20].

The estimated value of the 4 coefficient of A2¢ of
the order of 0-08 pm V! is almost one order of magni-
tude lower than that reported for compound I, having
a similar chemical structure [7]. The spontaneous
polarization of compound I, however, was reported to
be about 500 nCem , indicating that the non-linear
optical coefficient of I should be expected to be higher
than that of A2c.

In order to ameliorate the NLO activity of the PLCPs
further, antiferroelectric structures may be considered.
Another possibility would be to make structures like II
crosslinkable. Further synthetic work in these directions
is currently under way.

10. Conclusions

(1) We have demonstrated clear second-harmonic
generation in crosslinked, polymeric samples as
well as in a monomeric sample of the bifunctional,
chiral compound A2c.

(2) The second-order non-linear optical coefficients
of A2¢ are almost one order of magnitude larger
than for crosslinked mixtures of A1 and A2 with
a 30-35 mol % chiral content.

(3) Increasing the chiral strength increases both the
spontaneous polarization and the second-order
non-linear optical coefficients.

(4) The non-linear dependence of the spontaneous
polarization on the mole fraction of chiral
monomers could be well accounted for in terms
of the different molecular sizes of the com-
ponents of the mixture, as well as of a microscopic
model for the biased rotational distribution of
lateral dipole moments about the molecular long
axis.

(5) The high temperature phase of the monomer A2¢
is not a SmA* phase. It is most likely a very tightly
twisted cholesteric phase.

(6) The thermal stability of the polar order in the
crosslinked polymer is very good, in com-
parison with the conventionally poled polymer
PMMA-DRI1.

(7) There is some residual molecular motion in
the crosslinked polymer networks, although it
is very small—the angular deviation from the
locked-in tilt angle of the network is of the order
of 0-1°-0-4°.
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(8) At frequencies in the sub-MHz range of an applied
electric field, there is a spontaneous production of
heat from the polymer network, corresponding to
a resonance of the network.
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Appendix:
The non-linear dependence of the volume fraction on the
mole fraction
In a binary mixture consisting of two components A
and B the mole fractions xa g and volume fractions va s
are defined as

_ XA __ X —1
A XA+XB B XA+XB A B
(A1)
Va VB
= = :1
o S o 2
(A2)

where Xap and Vap are the numbers and macroscopic
volumes of the components A and B, respectively. The
microscopic volumes bap of an A and a B molecule,

respectively, are given by the defining relations
VA=baXA VB=bpXB. (A3)

Finally, we define the parameter n as the ratio between
the volumes of an A and a B molecule:

ba
n= b_ (Ad)
B
From Equations (A3) and (A4) we get
Va baXA Xa
— = =n_ A5
Vs bXB nXB (AS)
which, with equation (A1) and (A2), gives
Eznx—A or = =n A (A6)
VB XB 1 —va 1 — xa

A rewriting of the second version of equation (A6) now

gives directly equation (2) in the text:

nxA

:1+(n—1)xA' 2)

VA

The number density N of chiral molecules A in the
mixture is the volume fraction of A divided by the
molecular volume of A, according to the following:

v XA+ Xp
A
XA Xa+ X8
N:_ f—

Vot Vat Vg

XA s XA (A7)

Xat Xs
= XA
baXa+ bpXs

1 ba 1l
ba| xa+ —xB :’[nxA-F(l—xA)]
n

1 nxa 1

= = VA.
bA1+(n—1)xA ba
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