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Strongly non-linear optical ferroelectric liquid crystals for frequency
doubling

by K. SCHMITT*, R.-P. HERR, M. SCHADT, J. FUNFSCHILLING,
R. BUCHECKER, X. H. CHENY and C. BENECKE

F. Hoffman-La Roche Inc.,
Dept. RLCR, 4002 Basel,
Switzerland
tTechnical University of Berlin,
Inst. Organic Chemistry (3)
1000 Berlin 12, Germany

From our research for novel non-linear optical (NLO) materials for frequency
doublers and optical modulators we report on new ferroelectric liquid crystals,
which for the first time, exhibit second order NLO coefficients (for example
d,,=5pm V™!, which are comparable to those of state of the art inorganic NLO
materials. The novel compounds contain 5-amino-2-nitrophenyl groups attached
close to the chiral centres. The switching behaviour of the new compounds, their
spontaneous polarization, as well as their frequency doubling of Nd:YAG laser
pulses in the Sg and in the glass state, are reported. Moreover their waveguiding
properties are presented.

1. Introduction

Since the early days of ferroelectric liquid crystal (FLC) research, exploration of
the non-linear optical properties of these substances has been a topic of interest [1-
3]. The S% phase and other chiral tilted phases are non-centrosymmetric and
therefore may exhibit second order non-linear (NLO) responses. This includes effects
like second harmonic generation (SHG) and the Pockels effect, to name those most
frequently investigated. However, until recently the reported NLO efficiencies of
FLCs [4,5] have turned out to be so small that these materials seemed to be
irrelevant for any NLO device application.

The main reason for the low electronic NLO activity is that the FLC compounds
and mixtures used in these investigations were optimized for display applications
rather than for NLO performance. Fairly recently some research groups [6, 7] started
developing FLC compounds specifically devoted to NLO applications, and indeed
improved the SHG efficiency by orders of magnitude [8]. But still the highest
reported values of the NLO coefficients d;;, being in the order of 01 to 0-6pm V™,
were too small to be competitive with state of the art NLO materials such as
LiNbO, or poled NLO polymers.

In this paper we present new FLC materials (see tables 1 (@) and (b)) that exhibit
coefficients which are nearly one order of magnitude larger than those reported so
far. Furthermore, some of our compounds and mixtures show a glass transition
above room temperature which allows us to freeze the NLO active orientation, thus
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leading to stable SHG active orientations. Moreover, we demonstrate the waveguid-
ing capability of these new materials, which renders them particularly interesting in
the field of integrated optics.

2. Design considerations

In order to create FLC materials with improved second order NLO activity one
might consider implanting well known NLO chromophores into the core of standard
FLC molecules. However, since the direction of dipolar orientation of the FLC
molecules is parallel to the C, axis (perpendicular to the director) these NLO active
molecular groups have to be incorporated in such a fashion that the direction of
maximum second order polarizability is polarly oriented along this axis. This is
expected to occur if the chromophore is coupled to the chiral centre of the molecule,
because the specific nature of the chiral group defines the tilt direction and hence the
direction of the polar axis. This requirement is automatically fulfilled if the chirality
is part of the NLO group. If this is not the case, it seems to be advantageous to
locate the two groups as close to each other as possible.

NLO chromopores with large f values normally consist of a donor and an
acceptor group which are linked by a conjugated spacer, often in the form of
aromatic rings. The direction of large second order polarizability is then roughly
along the donor-acceptor axis; 4-nitroaniline and dimethylamino-nitrostilbene are
classical examples [9]. In view of the symmetry requirements discussed above, such
NLO chromophores have to be integrated in the FLC structure with their long axis
perpendicular to the long axis of the liquid crystal molecule. It follows that the FLC
molecular structure, being of a rod-like shape, can only then be compatible with
such a functionalization if the NLO group is sufficiently compact and the rigid core
of the LC molecule sufficiently long.

Considering these conditions, it is tempting to choose 4-nitroaniline moieties as
promising functional NLO groups, in particular because the aromatic linking ring is
a constituent of most FLC cores.

This concept has also been tested by other researchers [10], but to our knowledge
it has not yet been demonstrated that 4-nitroaniline derivatives are compatible with
mesogenic molecular structures, let alone with molecules exhibiting S% phases. Of
course, non-mesogenic chiral molecules can also be dipolarly oriented in S. host
matrices, but this means dilution, and hence a reduction in the NLO efficiency of the
material. It is, therefore, highly desirable to create molecules that combine chirality,
NLO activity, and S mesomorphic properties.

We will show that this concept indeed works for certain, specially designed
structures.

3. Experimental
~ The synthesis of the new FLCs will be published separately.

DSC measurements were carried out at various heating and cooling rates using a
Perkin—FElmer DSC7. The data analysis was performed by means of the Perkin—
Elmer software package TAS. The spontaneous polarization as a function of
temperature was measured applying the usual triangular voltage method, where the
frequency (10 Hz to 0-001 Hz) was appropriately adjusted to be compatible with the
strongly temperature dependent viscosity of the materials. At higher temperatures,
the observed signal included a considerable ohmic contribution due to ionic
impurities. Electro-optical switching and tilt angle measurements, as well as LC
texture observations, were performed using polarizing microscopes.
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The samples were temperature controlled in a Mettler FP2 heating stage or in
special stages of our own design. The temperature stability was better then 0-5°C.

Homogeneously aligned cells of 1-9 to 7 um thickness were prepared by filling
prefabricated test cells by capillary action at temperatures around T; the glass walls
were ITO coated and covered with a rubbed polyimide layer.

10 to 20 um thick, homeotropically aligning FLC cells were made using metal
spacers (aluminium) as electrodes which generate an electric field in the plane of the
cell. The electrode gap was between 200 and 500 um. Before filling with the FLC
material, the cells were flushed with an orienting agent that favours homeotropic
alignment (Merck Liquicoat). Thin homeotropically aligned cells (2 um thick) were
prepared by sputtering two aluminium electrodes (gap =200 um) on to the surface of
one of the glass substrates and then spinning on a thin layer of Liquicoat. In this
case the FLC alignment was further improved by shearing the cell in the S, phase.
After cooling to room temperature, the cell was sealed by an epoxy adhesive.

A third type of homeotropically aligned cell was used in the waveguiding studies.
In this case, one of the substrates was a specially prepared high index glass prism
(SF10). As schematically shown in figure 1 one-half of the prism surface at the
substrate-liquid crystal interface was coated with a thin (200 nm) quartz layer, such
that a sudden index jump from n(SF10)=1:73, in the uncoated area to
n(quartz) = 1-46, within the quartz coated area was produced. This allowed us to
couple light beams of s and p polarization into the FLC layers using HeNe lasers at
A=1152nm, 633 nm and 543 nm, as well as an Ar ion laser at 488 nm.

The determination of the refractive indices, anisotropy and dispersion of the
FLC materials was performed by analysing the mode spectra of TE and TM modes
at various wavelengths. The temperature dependence of the ordinary index of
refraction n, was measured by means of a modified Abbé refractometer (Atago T2).
In this case a homeotropically aligned FLC layer on top of the refractometer prism
was covered with a high index glass plate (n=1-83), which was illuminated from the
front with monochromatic light in the range between 500 and 650nm. Polarized
observation allows one to detect the n, component.

Waveguiding experiments were performed by turning the prism cells on a
rotating stage and measuring the guided light intensity via the light scattered by the
waveguide with a photodiode (see figure 1).

The damping factors of the guided modes were determined via the intensity
decay of the scattered light along the streak. In this case a particular mode was
selected; by choosing the appropriate polarization and angle of incidence and then
moving a slit aperture (100 um width) along the streak by a translation stage, the
intensity was measured by a photodiode behind the aperture.

The SHG experiments were performed using the apparatus schematically shown
in figure 2. The second harmonic power p?® was measured in transmission as a
function of the angle of incidence, polarization, temperature and applied external
DC and AC electric field. In the case of the AC excitation of the sample, the laser
was synchronized with respect to the phase of the applied AC voltage via a trigger
delay generator. The laser source was a Q switched Nd: YAG laser (Spectra Physics
DCR-11) producing 9ns wide, 1064nm pulses at a maximum repetition rate of
10 Hz. The pulses were attenuated to between 10 and 100 uJ. The signal was detected
by a photomultiplier after passing a combination of an IR blocking filter and a
532nm interference filter. The signal trace was stored on a storage oscilloscope
(Tektronix 2232) and then transferred to a microcomputer for further processing.
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Figure 1. TE and TM mode spectra generated using a 12 um thick containg a homeotropi-
cally aligned FLC layer of mixture 7/8. The inserts show the overall layout of the prism
cell; 1 and 3 are quartz layers, 2 is the FLC layer.

The absolute pulse energy of the fundamental beam was measured with a power
meter (Gen Tec Ed-X) while the absolute intensity of the second harmonic signal
was determined by comparison with the second harmonic signal created by a
1700 um thick quartz crystal using the known value of the d;; component
(0-4 pm V1) of quartz as a reference. The polarization of the fundamental beam was
defined by the combination of a rotatable 4/2 plate and a high power Glan Tompson
polarizer; a rotatable sheet analyser selected the polarization component of the
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Figure 2. Schematic representation of the SHG experiments; F1 to F7 are filters, BS =beam
splitter, 4/2=halfwave plate, R =rotating stage, L1, L2=lenses and PD =photodiode.
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second harmonic pulse. An optional polarization microscope (not shown in figure 2)
was used to inspect the LC cell in situ during the SHG experiment. This was helpful
for checking the alignment quality of the cell under investigation.

Three cell geometries were used in this study. 1. For screening experiments,
homogeneously aligned cells were used at an oblique angle of incidence (typically 45°
incidence). 2. Phase matching properties were determined using homeotropically
aligned cells which were angular tuned about the dipolar axis Y (see figure 3).
Spectra using p as well as s polarized light were recorded. 3. For determining the 4,,
component of the NLO FLC materials, thin (2 um) homeotropic cells were irra-
diated at normal incidence polarized along Y.

4. Results and discussion
4.1. New NLO materials

We first designed and synthesized the three-ring molecules shown in table 1 (a).
None of these exhibits a mesophase; thus we investigated their NLO properties by
using them as chiral dopants in our standard S host mixtures. Unfortunately, the
solubility of these compounds is low, so that only concentrations up to 7 per cent by
weight could be investigated. Table 1(a) shows their spontaneous polarization P,
extrapolated to 100 per cent concentration. The resulting P, values are fairly small;
this indicates that the strong dipole moment of the 4-nitroaniline headgroup is only
very slightly oriented along the C, axis of the S test mixture.

Based on our design concept, this could mean that a three-ring core is not long
enough to compensate for the lateral extension caused by the NLO chromophore.
Therefore we decided to extend the rigid cores to 4-ring systems. Moreover, we
modified the NLO chromophores from 4-nitroaniline moieties to the corresponding
biphenyl chromophores. Table 1 (b) shows four examples (compounds 4, 6,7, and 8).
All of them exhibit improved P, values, and all, except compound 4, exhibit
mesophases; compounds 7 and 8 even show S¢ phases.

T

Figure 3. Schematic representation of the coordinate systems and angles used for the NLO
experiments made using homeotropically aligned cells. 0, is the tilt angle, 6, the phase
matching angle; s and p are the polarizations of the incident beam in the plane of
incidence and normal to it.



11: 08 26 January 2011

Downl oaded At:

1740 K. Schmitt et al.

Table 1. (a) Structure, melting temperatures, and induced spontaneous polarization P, of
new compounds containing single ring 4-nitroaniline moiety NLO chromophores. P,
of a 8. host mixture doped with 7 per cent of the NLO active compound is measured
15°C below the S,-S§ transition extrapolated to 100 per cent concentration.
(b) Structure, phase transition temperature and spontaneous polarization of the new
compounds containing biphenyl-containing NLO chromophores. ( ) represents a mono-
tropic transition temperature; & the P, were measured using a S¥ host mixture at 15°C
below the S,—SE phase transition and extrapolation 100 per cent concentration; + the P,
were measured using the pure compound (100 per cent). The number of + signs in the final
column is a qualitative measure of the SHG efficiency.

No. Structure mp/°C  P,/nC cm™2 SHG

[Rl O.N

* o]
1 Hy3Ce-CH-O 132.9-134.4 58 +

&, 0~ )—4)0-Coths

NH,

[R] HzN

* 0
2 H13C5—9H—0 1405‘1422 131 +

CH3 OO-CQH19

NO,
Me /Me

Rl °N

*
3 'Hﬂcs-gH-o—Q—( 59.6-62.4 5 +

EHy 0 _)—{)-0-CiHe

(@)
[R] O.N
General structure: H13C6'éH-° Z 5 in=1.2
CH, NH,
n

No. n R C-S¥/S,/1 S-S, S,-Ch/I ChjI P,/nC cm~2 SHG

4 1 —@—%}0%5 175-176.1 e 4
>t 0 CrHss 91 (714) 2080  +++
¢! CsHﬁ 142 160.8  168.1 207t + 4
7 1 O-C9H19 80 132 186 306t +++

8 1 110 62 132
_O_\—O-Can (62) 3 139 179@  +++
9 2 175 186 201 1399 +
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Compound § (table 1 (b)) shows interesting aspects: being a 3-ring compound, it
exhibits only a monotropic S, phase, but the dipolar alignment of the biphenyl
chromophore along the C, axis is drastically improved as indicated by the large P,
value.

The five-ring compound 9 also depicted in table 1(b), possesses chiral groups
and the associated NLO chromophores at both ends of the rigid core. In this way,
we tried to increase the chromophore concentration. As shown by the low P, value,
this attempt evidently failed.

Qualitative SHG measurements made with single components of the new
compounds and with test mixtures gave results which correlate with the P data: as
indicated by the number of + signs in the last row of tables 1 (a) and 1(b), those
compounds exhibiting large P, values also show strong SHG responses. From these
data it follows that compound 7 is the most promising candidate for an efficient
SHG material. Due to its high viscosity, poor homogeneous aligning properties and
high clearing temperature, this substance is however difficult to handle. Therefore we
selected the two compounds 7 and 8 for further NLO investigations. These were
made by using the single compound 7 and a 1:1 mixture of compounds 7 and 8
(mixture 7/8).

4.2. Resuits for compound 7

4.2.1. Phase assignment

The DSC data for compound 7 reveal a strong melting peak at 80°C in the first
heating run, a clearing transition at about 186°C, and two small peaks at about 132
and 96°C; the compound is easily supercooled and gives rise to a strong glass
transition at around 35°C. These data are in agreement with the texture changes
observed by polarizing microscopy. A typical fan-shaped texture (S, phase) is
observed above 132°C and changes to a broken fan texture (S§ phase) below this
temperature. The texture changes slightly again below 96°C, indicating a further
phase transition, probably to a higher ordered tilted phase (Sx). This Sy phase can
be cooled down to room temperature without further texture changes.

4.2.2. Tilt angle

The temperature and electric field dependence of the tilt angle measured using a
thin (2 um), homogeneously oriented cell is shown in figure 4(a). Due to the
electroclinic effect, the switching angle is proportional to the electric field above the
S,-S# transition. Far below the phase transition, it resembles that of typical S¥
materials: above a threshold voltage, the switching angle is independent of the
electric field and increases with decreasing temperature. Interestingly, there occurs
an anomalous reduction in the switching angle around 90°C, probably caused by the
S¢-Sy transition. Below this transition the angle increases again.

4.2.3. Spontaneous polarization P,

The temperature dependence of P, of compound 7 also exhibits the typical
features of a FLC substance. At the S,-S¥ transition, the characteristic peak in the
voltage dependence of the switching current appears and increases with decreasing
temperatures. For P, we determined 350nCcm~2 at 120°C and 750nCcm™? at
50°C. Unfortunately, we could not follow the P, to lower temperatures because, due
to the rapidly increasing viscosity, switching was so slow (in the 100 s range at 50°C)
and the current peak so broad that the triangular voltage method was no longer
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Figure 4. (a) Electric field dependence of the tilt angle 6, of compound 7 at various
temperatures; a=140°C, b=133°C, ¢=114°C, d=100°C, ¢=80°C, and f=358°C.
(b) Electric field dependence of the tilt angle 6, of mixture 7/8 at various tempera-
tures; a=87°C, b=76°C, ¢=70°C, d=65°C, e=60°C, f=55°C, g=42°C, h=38°C, and
i=33°C.

applicable. We conclude: 1. the P, of compound 7 is >750nCcm™? at low
temperatures, and 2. the Sy phase is also ferroelectric.

4.2.4. SHG measurements

The SHG signal (see figure 5), measured using a homeotropically aligned cell of
20 um thickness (electrode gap 500 um) at normal incidence, exhibits the character-
istic features that have also been observed for other FLC systems [11,12]. In the S,
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Figure 5. Electric field dependence of SHG intensity of compound 7 at various tempera-
tures; a=135°C, b=120°C, ¢=105°C, d=80°C, and e=70°C.

phase, no significant SHG signal is observed up to 500 volts. This agrees with the
small induced tilt angle of <1 at these field strengths. However, in the Sg phase, the
signal changes dramatically: above a low threshold voltage of about 10 volts, the
SHG intensity exhibits a sudden jump and follows qualitatively the tilt angle
behaviour shown in figure 4 (@). The SHG signal increases with decreasing tempera-
ture and becomes nearly independent of the applied electric field at low tempera-
tures. The threshold voltage is due to the minimum voltage required for unwinding
the S¥ helix. The pitch of compound 7 is in the visible range at the upper end of the
S& phase.

The unique feature of this compound is the following: unwinding the helix at
temperatures above the glass transition and then cooling the sample to room
temperature results in a macroscopically uniform, dipolar oriented configuration
which remains stable when the electric field is switched off. Even after four weeks of
storage at room temperature, no observable change in the configuration occurred.

4.3. Results for mixture 7/8
4.3.1. Phase assignments
As mentioned above, apart from investigating the single compound 7, we also
studied a 1: 1 mixture of compounds 7 and 8 (mixture 7/8). The aim was to improve
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the aligning properties of our NLO material. Indeed, mixture 7/8 exhibits better
alignment properties for planar orientation than compound 7. The clearing tempera-
ture is reduced to 154°C. Below this temperature, a S, phase occurs followed by a
glass transition at 31°C. However, the S,~-S§ transition was not detected, either by
polarization microscopy or by careful DSC measurements. But the switching
properties of thin homogeneously aligned cells exhibit an anomalous behaviour that
might be characterized by a mixed response, simultaneously showing S, and S
features. Studying the tilt angle and the switching current as a function of
temperature and electric field, we found a combination of electroclinic and ferroelec-
tric effects (see figure 4(b)). This type of behaviour has been reported by several
research groups [13, 14], and has been denominated the soft mode ferroelectric effect
[15]. 1t seems to occur in FLCs that possess strong lateral dipole moments and
exhibit an anomalously strong electroclinic effect in the S, phase. When such
compounds are cooled towards the SE phase, one finds an intermediate temperature
range where the tilt angle is still strongly field dependent, while the graph of
switching current versus voltage exhibits the characteristic peak due to the sponta-
neous polarization. A detailed discussion of this phenomenon is given in [15].

Our mixture 7/8 clearly exhibits the above mentioned features (figure 4 b)). At
135°C, far above the Sk phase, we see a very strong clectroclinic effect. When the
temperature is lowered the tilt angle increases and deviates more and more from the
linear field dependence. At the lowest temperature (23°C), the tilt angle reaches
6,=28° at 30 Vum ™!, but does not yet saturate.

The behaviour is also evident in the voltage dependence of the switching current
and the corresponding optical transmission of the cell measured through crossed
polarizers (see figure 6). But the interpretation of this behaviour is complicated. This
is due to the high viscosity which leads to strong hysteresis effects in switching
experiments at low temperatures.

The question of where to locate the S,-Sg transition of mixture 7/8 at zero
electric field is not easily answered. We made several attempts to elucidate the
existence of a helical structure by studying the temperature dependence of the
refractive indices (see §4.4.), of the birefringence, and by searching for the helical
pitch. However, we could not find unambiguous experimental evidence for the pitch.
Moreover, we obtained strong indications of a relaxation of the field induced tilted
phase to an orthogonal, or at least close to orthogonal orientation at all tempera-
tures down to 23°C. The detailed discussion of these complex findings will be
reported separately. We conclude: if the helix formation occurs at all in mixture 7/8
above 23°C, then the cone angle under zero applied field is very small. One way to
support this statement is to investigate the electric field dependence of the SHG
signal. We measured this dependence using a 7 um thick planar oriented cell (see
figure 7). Clearly there is no indication of a threshold voltage and the SHG intensity
increases almost linearly over a wide range of electric field strengths. Similar results
were observed with homeotropic aligned cells.

4.4. Refractive index and waveguiding properties of mixture 7/8
4.4.1. Refractive index determination
For the quantitative determination of NLO coefficients, the refractive indices, the
optical anisotropy, and the dispersion must be known.
Due to the good aligning properties of mixture 7/8, we were able to determine
the above guantities with high precision. One approach was to prepare a homeotro-
pically aligned, thin layer on the prism of an Abbé refractometer and to measure the
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Figure 6. Upper part: switching current of mixture 7/& at 66°C in a 6 um thick, homo-
geneously aligned cell. Lower part: corresponding transmission of the cell through

crossed polarizers.

temperature dependence of the indices with s and p polarized monochromatic light.
The other approach was to determine the mode spectra of a homeotropically aligned
slab waveguide at various laser wavelengths. Both attempts were successful, the
results are shown in figures 1, 8 and 9. Moreover the mode spectra in figure 1 could
be fitted exceptionally well assuming a uniaxial layer whose optical axis is oriented
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Figure 7. Electric field dependence of the SHG intensity of mixture 7/8 at 48°C in a 6 um
thick, homogeneous cell at oblique light incidence (6;,=45°).

normal to the quartz surfaces. While the TE mode spectra determine the index
parallel to the surface, the TM spectra determine the index normal to it. Analysing
these spectra determined at A=488 nm, 543 nm, 632 nm, and 1152 nm and fitting the
data to the Sellmeier equation [16]

n()— 1=yt s ta )

R
we obtained the index data, which are used below for a quantitative analysis of the
SHG spectra.

4.4.2. Waveguiding properties

The damping constants of the guided modes were determined by measuring the
intensity of the scattered light along the streak of the waveguide. Figure 10 shows
the result for the most intense mode TM 4 which is ~10dBcm ™. This value is not
small, but it shows that waveguiding over several mm is possible. By further
improving the alignment this value will certainly considerably improve too.

We have not yet made the same waveguiding experiments with compound 7.
Nevertheless it is safe to assume that the refractive indices of this compound are only
slightly higher than those of mixture 7/8. In particular, the dispersion, which is the
sensitive parameter for phase matching and Maker fringe spectra is governed by the
absorption of the NLO chromophore. Because of the identical chromophores, it
seems justified to use the same data for compound 7 and mixture 7/8; the excellent fit
of the phase matching curve of compound 7 (see §4.5.) shows that this assumption is
correct.

A different question is whether or not we can assume uniaxiality in our samples.
One might expect that in the unwound helical state », is significantly larger than #n,
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Figure 8. Temperature dependence of the ordinary refractive index of mixture 7/8.

(see figure 3). In the case of the nitro substituted biphenyl chromophore studied by
Liu et al. [8], it was experimentally proven that these two indices are identical within
experimental error. Until now we have not verified this aspect in our case. However,
as long as n, and n, are not drastically different the values of the NLO coefficients
reported below are not strongly affected.

In the following analysis of the SHG spectra of compound 7 and mixture 7/8, we
will use the following experimentally determined refractive index values:

nfw)=n w)=1-539, n,Qw)=n,2w)=1-576, n,(w)=1-65.

4.5. Phase matching and determination of the NLO coefficients

4.5.1. Phase matching

Since the optical anisotropy of our compounds is sufficiently large and positive,
type I angular eeo phase matching [17] is expected to be observable. In this gcometry
(see figure 3) two extraordinary fundamental waves polarized in the plane of
incidence generate an ordinary second harmonic wave polarized normal to this plane
(parallel to the Y direction).

In the case of compound 7, a 22 um thick, homeotropically aligned cell with an
electrode gap of 500 um was used. The helix was unwound at 50°C by a DC electric
field of 0-1 Vum ™1, and then cooled to 20°C. Then the field was switched off.
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Figure 9. Refractive indices of mixture 7/8 determined by the mode spectra analysis of p
polarized (TE modes, lower trace) and s polarized (TM modes, upper trace) incident
light. The continuous curves are fitted to the Sellmeier equation.

Figure 11(a) shows the detected SHG intensity as a function of the angle of
incidence. Using the above refractive index data, the phase matching angle can be
calculated from [18]:

nz(w) ny(z('u)2 - ny(w)z
®,,=arctan |:ny ©) (nz @y —n (2w)2>] . (2)

We find 6,=37°, which is a fairly large value due to the large dispersion of
compound 7. Using the tilt angle ,=23° determined at room temperature, we

—_
<

Intensity /arb. units

1 1 1 )
0 2 1A 6
Propagation Distance /mm

Figure 10. Determination of the damping factor for the mode TM;.
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Figure 11. (a) and (b) Type I angular phase matching of (@) compound 7 and (b) mixture 7/8
as a function of incidence angle 8,,. The continuous curve is the best fit of equation (5)
to the measured data.

recalculate the expected incidence angle 6,,(PM) for the phase matching condition.
From this follows |68,,(PM)|=22-7° which is in good agreement with |6, (PM)|=21-3°
obtained directly from the phase matching curve (see figure 11 (a)).

The same experiment was performed for mixture 7/8. Here a 15 um thick cell was
used with an electrode gap of 200 um. Because the tilted orientation of this mixture
is not stable at zero field strength, we applied an electric field of 5V um~! at 23°C.
As shown in figure 11 (), the maximum of the phase matching curve occurs at
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10,,(PM)| =43-8° because the induced tilt angle is only about 10°. Again the
measured and the estimated angles of incidence are in agreement.

4.5.2. Determination of the NLO coefficients d,

In the tilted, unwound helical state, the FLC layer is macroscopically homoge-
neous and has C, symmetry. The twofold axis of rotation is parallel to the Y
direction (see figure 3), which is the direction of the spontaneous polarization. The
tensor of the second order NLO coefficients d;; is then given by [17]

0 0 0 dy, 0 dg
d=| dyy dyy dy3 0 dys O . (3
0 0 0 dy, 0 dyg

Assuming that Kleinman degeneracy is valid [17] (the absorption maximum of
our compounds is at 380 nm), the number of independent coefficients is reduced to
four: dy,=d,s=ds¢; dy3=ds4; dy; =d and d,,. Depending on the polarizations
used in the SHG experiments, these coefficients will show up separately or in
characteristic combinations.

The coefficient d,, can be isolated by choosing s polarized fundamental waves
which generate an s polarized second harmonic wave (ooo experiment). On the other
hand the eeo phase matching experiment described above is determined by the
angular dependent contributions of the three coefficients d, 4, d,3, and d,4

d (8)=d, 4 sin (20) + d,5 sin? (0) + d, s cos* (). @)
The angular dependence of the phase matching curve is given by [17, 19]
20%d 2% LA(P®)*(t*)*T*® sin*(AkL/2) s
g0 (n?)*ni®A (AkL/2)? )
where L=L/cos (§,—6) is the interaction length, Ak =(47/A)(n?® —n2(0)), where n,
(0) is the effective index of the p polarized refracted fundamental beam, A4 is the
beam area, t* and T2¢ are Fresnel transmission factors.
The absolute values of the NLO coefficients of equation (3) can then be
determined by comparing the SHG intensity of the FLC samples with the SHG

intensity of a crystalline quartz plate of known thickness using the known value of
the d coefficient of quartz (d,; =0-4pm V~'[19]).

PZaJ

4.5.3. Determination of d,,

Because the large SHG efficiency of our materials is sufficiently high, the easiest
and probably most reliable way to determine d is to use cells which are thin
compared with the coherence length /;

[ = 4o

C 4(n2w w) (6)

From the measured dispersion data follows /,=7-5um. Thus, 2 um thick cells were
used to determine the SHG signal of compound 7 and mixture 7/8 at normal
incidence. Comparison with the quartz standard gives the following values at 23°C:

dy,=50pmV ™! for compound 7 (zero field)
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and

dy,=21pm V™! for mixture 7/8 (at a DC field of 5V um™1).

4.5.4. Determination of dy

Analysing the phase matching curves described above, we determined the value
of d.(6) at the phase matching angle by comparison of the SHG intensity at the
maximum of the phase matching curve with the quartz standard. The following
effective NLO coefficients are found for our materials at room temperature:

deee(0,,)=0-78 pm V™! for compound 7
and
d.(8,)=0-68pm V™! for the mixture 7/8 (at a DC field of 5V um™!).

The uncertainty of all coefficients is of the order of 15 per cent.

4.6 Computer simulation
Analogously to [8], we finally determined the coefficients d,, d,¢ and d,; by
fitting the theoretically expected phase matching curve (see equation (5)) to the
measured data. All three coefficients contribute to d,; (see equation (4)). Figure
11 (a) shows this fit for compound 7. We obtain

d14=0'49pmv—1, d16=1'13pmV-1, d23=1'46pmV—1.

We now add a few remarks concerning the parameters in our computer simulation.
The refractive index data used in our fit were independently determined. However,
since our samples could not be made thicker than 20 um, it was necessary to
determine the angular dependence of the SHG signal over a large angular range in
order o reveal the interference structure. The consequence is that the angular
dependences of all parameters involved had to be seriously taken into account. This
applies especially to the Fresnel factors, but also to the angular dependent refractive
index seen by the refracted fundamental beam which depends on the tilt angle and
on n, and #, [8]. Also d. is strongly angular dependent, varying by a factor of 2 over
the measured angular range. Therefore the fitted coefficients are by no means
arbitrary. None the less, it is difficult to estimate the precision of these values.

The calculated curve shown in figure 11 () is also fitted with respect to d,5, d;4
and d, . The inferior quality of the experimental data prohibits reliable fitting results
for the individual coefficients.

5. Conclusion

We have synthesized 3- and 4-ring compounds with 4-nitroaniline NLO chromo-
phores which exhibit FLC phases and show the strongest second order NLO
responses reported thus far. Large values for all relevant non-linear optical coeffi-
cients are determined which compare favourably with state of the art inorganic NLO
crystals like LiNbQj.

Angular phase matching is demonstrated as is waveguiding in homeotropically
aligned layers. The combination of large NLO coefficients, stable operability at
room temperature, phase matching, and waveguiding may render the new NLO-
FLC materials applicable in integrated optics waveguide devices.
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The existence of a glass transition above room temperature allows us to freeze
the NLO active configuration in the S phase by cooling the materials below T,
while applying an electric field. Removing the electric field below T, does not cause
the NLO activity to decay.
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