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SUMMARY

We have measured the nonlinear refractive index of a number

of liquid crystalline materials in the isotropic phase.

These materials show strong enhancement of the nonlinearity

due to nematic like local ordering, and even materials which

do not have a nematic-isotropic transition show this enhancement.

We also studied mixtures of liquid crystals and solvents and
find that these mixtures also have an enhanced nonlinearity due
to local ordering.

Absorption of the laser beam causes expansion which reduces
the refractive index and can counteract the refractive index
change due to reorientation.
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INTRODUCTION

In areas such as phase conjugation, optical bistability and optical signal
processing there is a need for identifying materials with large fast nonlinear
refractive indices [1,2]. The most well known material with a large nonlinear
refractive index is carbon disulphide [1]) which has an n2 of 1.2 x
10-11 esu and a relaxation time of about 2 ps, resulting from molecular
reorientation. Other materials can have substantially larger nonlinear
refractive indices, and it was shown by Shen et al [3] that a sample of the
nematic liquid crystal MBBA in the isotropic phase could have & nonlinear
refractive index of up to a thousand times that of CS2. In this memo we
report on the measurements of the nonlinear refractive indices of a number of

nonlinear 1liquids and provide data which uay be of use in other investigations.

This data can be used both to screen various materials for their suit-
ability in various applications and also to study the molecular dynamics of the
liquids under investigation and the various phase transitions which occur in
them. This latter aspect will only be touched on here and will be discussed

more fully when published in the open literature in due course.

THE INTENSITY DEPENDENT REFRACTIVE INDEX OF LIQUID CRYSTALS

Before discussing the nonlinearity it may be useful to describe the
characteristics of the liquid crystal phases. Liquid crystal molecules are long
and rod-like (Figure 1) and their shape is responsible for their various

phases.

At low temperatures the materials are crystalline, and when they melt they
may form a number of different liquid crystal phases (although there are no
simple rules indicating which phase they will form). In the nematic phase

molecules tend to have their axes parallel to their neighbours, but their
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centres of gravity are randomly positioned. In the smectic phases they are not
only aligned parallel to their neighbours but their centres of gravity align to
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form layers. There are a number of different smectic phases with different

ordering of the layers. Finally at higher temperatures the molecules are no

longer aligned with their neighbours and they become isotropic.

The transition from nematic to isotropic is very weakly first order, ie
there 18 only a small latent heat associated with the transition. As a result
the isotropic mixture can show 'pretransitional' nematic~like behaviour. This
means that nearest neighbours will tend to align up with each other, but this
ordering does not extend over very long distances. This 'local ordering' is

responsible for the very large nonlinear refractive indices [3].

When a laser field is applied to CSy or to isotropic liquid crystal
molecules, the field tends to align the molecules with the field, so changing
the refractive index. 1In CS9 each molecule moves independently and the change

in refractive fndex occurs in a period of about 2 ps.

However, in isotropic liquid crystals, the pretransitional behaviour means
that as each molecule aligns itself, it tends to orient its neighbours. As a
regsult the nonlinear refractive index is greatly enhanced, but the reorientation

time may be greatly increased.

The theory of de Gennes [3] shows that

A
"ot T M
c B
reor (1-T%) °*P (T) ()
wvhere treor is the collective reorientation time, A, B and C are constants,

T is the temperature, and T* is some notional temperature which usually lies
just below the nematic-isotropic transition temperature. (It can be seen that
in the nematic phase the molecules are aligned without any field, and that they

stay aligned; corresponding to n2 and t having become infinite). 1In

reor
MBBA it has been shown that within a few degrees of the transition n2 may be
1000 times that of CS2 and the reorientation time may be about 1 us, while at

higher temperatures n2 is smaller and faster [3].
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The change in the refractive index of a nonlinear material is given by 4

n(t) = ng + An(t) (3)
n2 t 2 (t'-t)/t eor

An(t) = : rdt' [ECE®) |© e r (4)
reor g;

where n2 is the intensity dependent refractive index, E(t') is the amplitude

of the laser field at time t', and t is the reorientation time

reor
constant.
If the reorientation time treor is much less than the laser pulse then
this reduces to
m(t) = ny [E(t)|? (5)

ie the refractive index change is proportional to the instantaneous power
density.

If the laser pulse is much shorter than the reorientation time then

n

t
pa(t) = —2 flE(t')|2dt' (6)
(:)r_w
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ie the change in refractive index is proportional to the integrated energy

WE:

density which has passed through the medium.
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3 THERMAL EFFECTS IN THE NONLINEAR REFRACTIVE INDEX
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If the medium is weakly absorbing then some laser energy is absorbed and
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the material heats up and expands, causing a reduction in the refractive index.
In 1iquid crystals we find that competition between the molecular reorienta-

tional refractive index and the thermal refractive index can also be observed
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(see section 5).
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4 EXPERIMENTAL DETAILS

The experimental arrangement for degenerate 4 wave mixing is shown in
figure 2. The output from a laser amplifier system is split into 3 beams; 2
strong pump beams (beams 1 and 2) and a weaker probe beam. In this experiment
the ratios of the intensities were 10:10:1 for beams 1:2:3.

The two pump beams (1 and 2) are adjusted to go in counter-propagating
directions through the sample cell. The probe beam (beam 3) is reflected off a
third beamsplitter and intersects the other two at a small angle in the cell.
Interference between beam 3 and the other two beams produce two sets of inter-—
ference fringes in the sample and the nonlinear refractive index causes two sets
of refractive index gratings to be formed in the liquid. The grating formed by
beams 1 and 3 scatters beam 2 and the one formed by beams 2 and 3 scatters beam
1 and this scattered signal passes back along the path of beam 3 to form a
conjugate wave. The output from the laser and the conjugate wave are recorded
on two photodiodes and the signals from these photodiodes are simultaneously
digitised by two transient digitisers and transferred to a main- frame computer
(figure 3). It is then possible to carry out a detailed computer fitting
routine to estimate the molecular orientation effect responsible for the

observed signal.
5 THERMAL GRATING

In general both molecular alignment and absorptive heating contribute to
the change in refractive index. As a result one can observe situations in which
the phase conjugate signal is initially generated by a molecular orientation
grating; then as the pulse develops the therm=nl grating grows and first cancels
the effect of the molecular grating and then reflects a signal which may be as
large as the original molecular signal (figure 4) [5]. Using detailed computer
fitting procedures it is possible to fit both the molecular and thermal
contributions to this signal, and useful data can be extracted regarding the
thermal properties of the liquid. This will be discussed in detail elsewhere
and wve simply note here that if the two pump beams 1 and 2 are polarised
vertically and the probe beam is polarised horizontally then the thermal grating
disappears (since the heat source for the gratings depends on E3.E;) and
E3.E7) and purely molecular effects are observed.




We have observed thermal gratings in CHC13, CgH;,, and most other
organic materials, but we do not observe them in CS2 or CClyi. This suggests

that absorption is due to an overtone of the C-H stretch mode.
6 DATA ANALYSIS

If the phase conjugate signal is much weaker than the signal beam (beamr 3)
then the amplitude of the conjugate field E4 1s given by

Ea = c1An13E2L + c1An23E1L

where An;5 and An23 are the refractive index grating formed by beams 1
and 3 and beams 2 and 3 respectively; L is the interaction length and c) is a

constant of proportionality.

Since beams 1, 2 and 3 all come from the laser source and they are all
synchronised to arrive at the experimental cell at the same time, the incoming

laser fields can be related to the laser pulse shape by
Ej(t) = A5 YI(v) 1=1,2,3 ¢))

where I(t) is the normalised pulse shape of the laser, and Ay are amplitude

coefficients of the respective beams.

The expression for the refractive index grating becomes

t
n = — A1A3 j I(t') exp [-(t-t')/treor] dt’ (8)

following expression (4). A similar expression exists for njy3, where A2

replaces A] in the above equation. The phase conjugate intensity is then

given by
u2 t 2
. 2 2,2.2.2 ' leep? '
Ia(t) c, 3 A1A2A3L JI(t) j 1(t') exp[-(t-t )/treor] dt 9)
reor mtnd
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The values of I(t) and I;4(t) are measured on the transient digitisers monitor-
ing the laser output and the phase conjugate return respectively. The values of
n2 and tp.,, &re computed using an iterative procedure which estimates

n2 and and then uses a least squares fit to match a computed profile based

on the right hand side of equation (9) with the observed conjugate return

I4(t) (figure 5).

7 ERROR ANALYSIS

When the reorientation time becomes much less than the pulse length (eg

CSy where t = 2 ps) then expression (9) depends only on n2 and

reor

becomes insensitive to t The error in estimating t is then

reor’ reor
large but this does not affect the estimate of ny. When the reorientation

time becomes very long (eg much longer than 100 ns) then expression (9) depends

only on the ratie nj/t In this regime errors in estimating

reor’
treor 282in became large but these now affect the estimated value of nj.

The measurements of ny in the liquid crystal materials are calibrated by

comparing results with those of CS3. Although we are not measuring n2 but

(3)

rather X
ME)

measured x(3) to n2 is expected to be the same in both cases. For

s we note that both CS2 and the liquid crystals have a

which is dominated by molecular reorientation so the ratio of the

calidbration purposes we take the value of n2 in CS2 to be 1.2 x

10711 egy.

8 EXPERIMENTAL RESULTS

In this memo we report on two types of experiment. In the first we have
taken pure liquid crystals or mixtures of two liquid crystals and measured the
nonlinear refractive index as a function of temperature. Samples were heated in
an oven with a temperature stability of greater than 1°C and cross calibrated
with CS2.

In the second set of experiments we took a few samples of 1liquid crystals
and diluted them with carbon tetrachloride or carbon disulphide and measured
n2 and treor purely as a function of concentration. These measurements

vere all carried out at room temperature (approximately 24°C).
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9 TEMPERATURE DEPENDENT MEASUREMENTS

We have carried out temperature dependent measurements for 5 different

organic materials and two mixtures.

The chemical structure of the materials which were investigated are shown ?;F
in figure 1. The materials K9, K15 and K30 are homologous types of cyano- g;ﬂ
biphenyls with two adjoining benzene rings and a hydrocarbon chain. The g;ﬁ
material Pyrimidene 7 is similar to the cyanobiphenyl but two nitrogen atoms 23
replace two of the carbon atoms in one of the benzene rings, while ME75 1s an :ii
ester containing two separated benzene rings. These materials all show various Ef?
aspects of liquid crystal type behaviour. K15, ME75, pyrimidine and the -
wixtures of K15 and ME75 all undergo a nematic-isotropic transition between %5
30°C and 50°C while K30 undergoes a smectic-isotropic transition. The E;E
material K9 is crystalline up to 60°C and melts to form an isotropic fluid. N

However, it has liquid crystalline properties and for example can form a nematic

phase when supercooled.

If we consider first those materials which undergo a nematic-isotropic
transition we find that the susceptibility and relaxation times are very
temperature dependent (figures 6-10). A plot of the reciprocal of the relaxa-
tion time shows that both are proportional to (T-T*) where T* lies just below
the nematic-isotropic transition, in agreement with equations (1) and (2). The
plot of the reciprocal of the reorientation time is quite curved in some cases
and this is due to the exponential in equation (2) and the effect of this

exponential can be seen by , lotting n3/t versus temperature (figure

reor
11). This ratio has a much weaker temperature dependence and in the case of K15
the experimental error hides any systematic trend. However in the other

materials the ratio ny/t systematically increases with increasing

reor
temperature.

There are variations between the different materials with pyrimidene 7 and
K15 having approximately comparable nonlinear susceptibilities while ME75 is
somewvhat weaker. When comparing the mixtures of ME75 and K15 with pure K15 and
ME75 {t 18 noted that the nonlinear susceptibility does not seem to change
smoothly with concentration. More systematic experiments will examine whether

this is real effect or an artifact associated with experimental errors.




In figure 12 we show the data for K30 which undergoes a smectic A-isotropic

transition at 52°C. However, the nonlinear refractive index and reorientation
time fit reasonably well with equations (1) and (2) with T* being about 40°C
and implies that the nonlinear susceptibility in the isotropic phase is deter-
mined by nematic like local ordering. One can independently estimate a notional
nematic-isotropic transition temperature by extrapolating from measurements on
other members of the homologous series and this yields a temperature of 42°C
which 1s consistent with our data; and this tends to strengthen our hypothesis

of nematic local ordering.

Figure 13 shows data for K9 which melts from the crystal phase to form an
isotropic liquid at 60°C, but can be supercooled to a nematic-isotropic tran-
sition of 25.5°C. The measurements of the nonlinear susceptibility and
reorientation time show the same qualitative behaviour as the other results but
the implied phase transition temperature implied by this temperature appears
inconsistent with a simple interpretation based on nematic like local ordering.
This may be due to a8 calibration effect and further investigations are

continuing to determine the source of the anomaly.

10 MEASUREMENTS OF LIQUID CRYSTALS DILUTED BY A SOLVENT

One disadvantage of the 1liquid crystals described on the previous pages is
that the measurements all need to be carried out at elevated temperatures above
the nematic-isotropic transition. If solvents are added to nematic 1liquid
crystals, a mixture is formed in which the nematic-isotropic transition tempera-
ture is reduced [6] so that isotropic samples can be prepared for room tempera-
ture experiments. Measurements of the nonlinear susceptibility have shown that
this is still enhanced by nematic like local ordering with n3 still propor-
tional to 1/(T-T*) where T* lies close to the new reduced nematic-isotropic

transition [6].

The materials K15 and ME75 are miscible with organic solvents such as
CS2, CCl,;, and CHCl3, and mixtures of about 92X K15 by weight are found to
have an isotropic-nematic transition temperature at room temperature (24°C).
We therefore prepared a number of samples of lower concentrations and measured

the nonlinear refractive index and reorientation time of these other mixtures at
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room temperatures. The results are shown in figures 14 and 15 and reveal that
at concentrations close to the critical value of about 92%, the nonlinear
refractive index and reorientation time are both large, and as the concentration

is reduced the nonlinearity decreases rapidly.

In order to interpret this it is necessary to turn to light scattering
experiments. The nonlinear refractive index has been shown to be related to the
strength of depolarised Rayleigh scattering [8], and it has been shown that in
liquid crystal mixtures this is proportional to 1/(p*-p) where p is the density
of liquid crystal molecules and p* some empirical parameter [(9]. As the density
is reduced by dilution the sample changes from nematic to isotropic, and it is

found that p* is the density for which the sample is just nematic.

This implies that the ratio

n B
2, 1

) 1t (p*-p) (10)

The critical density p* is approximately the density of 1liquid crystal such
that the mixture has its N-I transition at room temperature and so P* can be

determined independently.

In the case of K15 measurements were made at 502-90% by weight in steps of
approximately 10%. A plot of n2/p versus 1/(p*-p) gives a good straight line
fit as predicted by equation (10) (figure 14). We note that on this graph the
point corresponding to 90Z concentration is greatly displaced from the points
corresponding to 80X and less (because p* corresponds to 922 and therefore
1/(p*-p) 18 changing rapidly at 90%); so the straight line was fitted to the
data excluding the 90X point and the fact that that point lies close to the line
emphasises the good agreement with theory. Measurements between 80Z and 907
concentration were made on a separate occasion when the lab temperature was
about 3°C warmer. These points formed a straight line parallel to the line in
figure 14 but were displaced because of the temperature dependence of the

nonlinearity (equations (1) and (2)).

In the case of ME75 the points were more evenly distributed (in figure 15)

and good agreement with equation (10) was observed.
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The data on relaxation time suggest that in ME75 at least, the reorienta-

tion time is given by

B,

treor = A2 * (p*-p0) an

Again this is in approximate agreement with the depolarised scattering

data. 1In the case of K15 the agreement is8 not so satisfactory.

We also carried out some experiments on samples of K30 in CCls (figure
16). At room temperature K30 is crystalline and can only be dissolved in CCly
to a concentration of up to 687 by weight and there is no nematic phase at this
concentration. However it i1s possible to fit the value of n2/p to fit

equation (10), using an iterative process to determine p*.

Figure 16 shows that n2/p fits equation (10) reasonably well, and similarly

the dependence of t versus p also indicates reasonable agreement with

reor
an expansion of equation (l11). This indicates that some enhancement of the

nonlinear susceptibility in solution 1s due to nematic like local ordering.
11 CONCLUSIONS

We have studied a number of isotropic organic liquids which have liquid
crystalline properties in other phases and have shown that they have large
intensity dependent refractive indices due to molecular reorientation which is
enhanced by pretransitional local ordering. This enhancement appears to occur
even when the material does not go directly from the nematic to isotropic

phase.

Our data can be used to determine the refractive index change for any

arbitrary laser pulse.

The change in refractive index depends on the reorientation time, the laser
pulse length and the laser intensity or energy and was discussed in section 2.
If the reorientation fs much shorter than the pulse length then from equation

(5) the refractive index depends on the instantaneous power, and the power

11
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DFWM data : thermal effects present
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a) Cyancbiphenyls ( KS; K15; K30 )
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f} Finally we note that this nonlinear refractive index is expected to be
\g independent of wavelength and should extend over the whole visible region. If a

refractive index change is produced by a beam of one wavelength, this change

will affect all wavelengths, and this may be useful in controlling beams of one
:: set of wavelengths with the beam of another wavelength. We have also observed
;? that thermal absorption causes a decrease in the refractive index which can
counteract the effects of molecular re.c:entation. In our experiments the
“ abgsorption was caused by absorption associated with the C-H stretch, and this
may be a proolem which is restricted to the 1 um region. The liquids are all
colourless in the visible and absorption may not cause the same problems here,

il although absorption spectra will be required to compare absorption in the
vigible and 1 ym region.
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density required to produce a given refractive index change (say An = 10.3)

i R N o
At Ay

N

is given by
-3 -3
Io n A (T-1%) ey
2 t‘." ™
e
by substitution using (5) and (1). This shows that the required intensity -

decreases as the temperature is brought closer to the phase transition tempera-

. ture, but equation (2) emphasises that this reduction in the required power is

v, T - » 1]
& 12
3 > e

-:\--‘ .

achieved at the expense of a longer reorientation time. *ﬁi

::\.’i'\a'

- .t ;u
If the reorientation time 18 longer than the pulse length then the refrac- ;;:

tive index change depends on the integrated energy density as implied by {Q%

equation (6) and the energy density required to produce a given refractive index éﬁ?

change (again say An = 10-3) will be given by %}g

o n A T

E = 10_3 L = 10.-3 g-exp (E)
2

Close to the phase transition, the required energy density is much less

sensitive to temperature than the power density referred to above, although the

'integration time' of the refractive index change i{s sensitive to temperature. Y
ot

- & K

i

The comparison of different materials shows that the molecules considered L

all had broadly comparable nonlinearities, although the ME75 is somewhat weaker

[

than the others.

It was also shown that measurements can be carried out at room temperature
by adding a solvent to the 1liquid crystal, which reduces the nematic-isotropic

transition. The strength and speed of the nonlinearity is sensitive to

&
v

.Ji?%i; eIy
£ ks 0-H g = 3

concentration, and is largest at high concentrations close to the nematic- _x&
isotropic transition. This did not depend much on the solvent used. The non- %;%
linearity of the mixture is again expected to be temperature dependent in the &jg
same way that the nonlinearity of the pure material was. This provides a great ;Eﬁ
deal of flexibility because the temperature, concentration and choice of solvent ;¥:§
) can all be varied to get a choice of n, n2 and treor® Q}%
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