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Temperature dependence of the director reorientation of
dye-doped nematic liquid crystals subjected to an optical field and
its relation with the non-linear absorption coefficient
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05315-970 Sdo Paulo, SP, Brasil

(Received 21 September 2001, in final form 20 December 2001; accepted 8 January 2002)

The temperature behaviour of the torque amplification factor # in the E48-D4 dye-host/liquid
crystal-guest dyed system illuminated by a laser beam has been investigated using a single
beam Z-Scan experimental technique. A plot of n versus temperature showed a monotonic
aspect, different from other anthraquinone dyed liquid crystals. This behaviour, in our case,
is consistent with the monotonic dependence on temperature of the linear «, and non-linear
p optical absorption coefficients. In particular, the non-linear optical absorption coefficient
related to the reorienting process is negative and of the order of —0.25mm W™ '. The
temperature dependence of 1 seems to be directly correlated to f and not to ¢,. Since drastic
conformational modifications on dye molecules are not expected on passing from the ground
to the excited state, the role of the electronic structure seems to be dominant in the reorienting

process in dyed nematics.

1. Introduction

An interesting phenomenon in the field of nematic
liquid crystals and their electro-optical properties is the
coupling between optical fields and the local director
[1,2]. The basic mechanism which takes place is the
interaction between the light electric field E(¢) and the
induced (and/or intrinsic) molecular electric polarization.
The electromagnetic field couples to the liquid crystal
director n and the volume torque I°" [3, 4] is written
as:

I =¢¢m E)YnXE) (1)

where ¢, =n? —nZ, and n, and n, are the extraordinary
and ordinary refractive indices, respectively.

The addition of absorbing dyes to nematic liquid
crystals, even in small concentrations, introduces new
orienting mechanisms [ 5] which can modify substantiall y
the optical torque. Dye-doped liquid crystalline systems
have indeed been the subject of intense studies in recent
decades [ 6—147]. Janossy and co-workers [ 3] suggested,
from a phenomenological approach, that when a dyed
nematic liquid crystal interacts with E(¢), besides the
‘direct’ torque I'°®, an additional torque due to the
dye, I'°, should be present, and proposed that it is
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proportional to the optical torque:
e =pdI**") =e,({(n E)nXE)) (2)

where () denotes the time average and (=g, is a
dimensionless parameter which depends on the molecular
characteristics of the dye and its concentration in the
nematic matrix; # is the dye amplification factor of
the torque.

The experimental techniques generally used to investi-
gate this phenomenon are the optical transmittance
[3,6], measuring the Fréedericksz threshold [157,
and Z-Scan [8, 9, 16, 17], measuring n and f (the non-
linear absorption). It was observed that in dyed nematic
samples the Fréedericksz threshold is reduced by a factor
of 10*> with respect to the undyed samples. This effect
could not be explained by means of thermal mechanisms,
since this threshold presented an anomalous behaviour
with the temperature [ 6], and not even by modifications
of the liquid crystal parameters like the elastic constants
or &,. The mechanism (on the molecular scale) responsible
for this behaviour is not yet completely understood.
The phenomenological parameter 7 is commonly used
to characterize the dye-orienting effect on the nematic
matrix. In the case of some azo and anthraquinone dyes
dissolved in thermotropic nematic liquid crystals, # has
been shown to be temperature and light wavelength
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dependent [ 6, 9], of the order of 107, positive or negative.
Concerning the temperature dependence of 7, a puzzling
behaviour not yet completely understood was observed
[6] for the liquid crystal E63 doped with anthraquinone
dyes (AQ1 and AQ?2): despite the linear absorption
presenting an increase as a function of the temperature,
n starts to decrease and afterwards increases with 7.

To improve the understanding of the molecular mech-
anisms responsible for the coupling between the dye
molecules and the director of nematics it is necessary to
investigate different systems (liquid crystals and dyes) to
verify this temperature dependence and the eventual
contribution of the non-linear absorption on this mech-
anisms. To the best of our knowledge, particularly the
relation between the non-linear absorption coefficient f§
and 7 has not been reported in the literature.

In this paper, we use the Z-Scan technique to
determine the temperature dependence of n and f
(due essentially to the director reorienting effect) in the
guest—host system D4-E48, (trade names from BDH/
Merck Ltd.).

2. Experimental
2.1. Materials

The liquid crystal used was the mixture E48 from
BDH Ltd., which has a mean molecular mass about
240g and the dye was D4, N,N'-(4-methylphenyl)-
1,4-diaminoanthraquinone, with molecular mass 418 g.
E48 presents a nematic calamitic phase in the range
from T<19°C to Tn =84°C (Tn is the nematic to
isotropic transition temperature—the clearing point).
Doped samples had 0.5% by weight of the dye in the
liquid crystal. The transition temperatures Ty; were
measured by polarizing optical microscopy (POM),
using a temperature controlled hot stage (Instec HS1-1)
for both undoped and doped samples. The difference
between these values was less than 0.5°C. At this con-
centration, along a given direction there is one dye
molecule for every seven liquid crystal molecules. D4
is a non-dichroic dye (BDH information data sheet)
and has a (slightly) isosceles triangular shape (in a planar
projection), with sides of about 1.4nm. This linear
dimension is comparable to the average length of the
E48 molecules. To the best of our knowledge, there are
no direct measurements of the topological orientation
of D4 molecules in a nematic matrix. Considering the
shape anisotropy of D4 molecules and assuming that we
can apply to them the concept of ‘order parameter’, it is
expected that this parameter is rather low.

Samples were mounted between glass plates, with
spacers that kept the sample thickness L =24 um. The
sample holder inner glass surfaces were coated with indium
tin oxide (ITO) and lecithin, allowing the application
of an external electric field E, to the sample, besides

the optical laser field. Samples were aligned (due to the
lecithin coating) in a homeotropic configuration, with n
perpendicular to the glass surfaces. This particular liquid
crystal has an anisotropy of the dielectric susceptibility
that, in the presence of an external electric field, orients
with n//E.. The glass used in the sample holder was
chosen to have a negligible index of refraction mismatch
with respect to the ITO coating. This choice was made
in order to avoid spurious light reflections on the
different internal interfaces. This aspect is particularly
important in the measurement of the sample trans-
mittance. We checked independently that the reflection
at the first air/glass interface of the sample holder was
the most significant in comparison with others at the
inner interfaces (front and rear).

2.2. The Z-Scan set-up

The Z-Scan apparatus is described in more detail
elsewhere [ 17-19] and sketched in figure 1. A polarized
Gaussian laser beam, propagating in the z-direction, is
focused to a narrow waist with a lens. The sample is
moved along the z-direction through the focal point and
the transmitted intensity is measured in the far field
using a photodiode behind a small iris, as a function of
the z-position. As the sample moves along the beam focus,
self-focusing and -defocusing modifies the wavefront
phase, thereby modifying the detected beam intensity.
By measuring the transmittance as a function of the
time ¢ and the position z, the values of the non-linear
refractive index, non-linear absorption (with a small
modification of the original set-up [17]) and # are
obtained. To measure the non-linear absorption, the
transmittance is measured by the photodetector PD3 of
figure 1 and all the transmitted light is collected by it
as a function of the sample position z (open-aperture
condition). A CW He-Ne (1 = 632 nm) focused laser beam
is used. The beam waist and the Rayleigh length are
0, =(2.9440.05)X 10> m and z,=(43+0.1)X 10" m,
respectively. The power illuminating the sample is 10
and 0.65 mW, respectively, in the case of undoped and
doped samples. The amplitudes of the optical field are
1.8X 10° and 1.2X 10* Vm™', respectively. A signal
acquisition, with temporal resolution, is made to discard
the linear effects [207]. The angle between n and E (the
optical field) is 45°. The sample is placed in a two-stage
temperature controlled device, with Peltier elements,
which allows temperature control within an accuracy
better than 0.5°C. The temperature stability during an
experimental run (see definition in the next section) is
better than 0.5°C. The external electric field that could
be applied to the sample is E,=5X 10" Vm™', at
f =100Hz, about 10> bigger than the amplitude of the
optical electric field. It was verified that at this frequency
no hydrodynamic instabilities are present in the sample.
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Figure 1. Sketch of the Z-Scan set-up. I, P, BS, L and PD are the iris, polarizers, beam splitters, lens and photodetectors
respectively.

3. Results and discussion

Figure 2 shows typical Z-Scan results with the undoped
sample at different temperatures (T =20, 55 and 70°C),
without (@) and with (b) the external electric field. The
waiting time between two successive z-positions of the
sample to measure the transmittance is 2's. An experi-
mental run consists of a sequence of three independent
experiments, with the sample moving successively along
the z-axis. A data set is then obtained considering the
mean values of the three experiments. The evaluated
error in the normalized transmittance is of the order of
2% of the quoted value. This accuracy (and the others
presented hereafter) takes into account not only the
usual error propagation, but also the reproducibility of
the experiments. The non-linear refractive index n, is
obtained [17] from the peak-to-valley distance (AT,,)
of the Z-Scan curve according to equation (3):

AT, 2
nz -
0.812nL i1,
1 —exp(—a,L)
Lo = L (3)

where o, and I, are the linear absorption coefficient and
the optical field intensity at the focus (z = 0), respectively.
o, was calculated (see the table) from the measurements
of the transmittance (doped samples), with (7;) and with-
out (T,) the sample, as a function of the temperature, with
a low laser beam intensity—7; =T, [exp(— %, L) ](1—R),
where R~ 0.04 is the evaluated reflection loss factor. It
is important to notice that the «, of the undoped and
doped samples are about 10 and 350cm™ ', respectively,

Table. Experimental values of o,, # and n, for the undoped
liquid crystal E48 and for doped (13 ) samples, as a function
of temperature.

n,X 1077/ nyX 10773/
T/,C  o,/em™* n cm® W! cm®> Wt

20 306+£28 —104+16 149+022 —23740.19
25 320+ 15 —-96+13 148 +£0.16 —228+0.21
30 320+15 —89+10 1.63+0.16 —22940.16
35 320+ 15 —83+14 1.65+022 —21740.24
40  320+15 —7574£98 1654018 —1974+0.15
45 335+15 —-76+ 14 1.60 £0.26 —2.00+0.19
50  335+15 —64.6+83 1914022 —198+0.13
55 350 + 16 —66.6+63 1794014 —196+0.14
60  354+16 —51.6+79 2064+031 —1.7740.09
65 354 + 16 —52+7 2194032 —1.8540.11
70 370 +17 —47.6+£57 2314021 —1.81+0.17

i.e. doped samples present a linear absorption coefficient
about 30 times larger than that of undoped samples.
When E, is present, i.e. n is orientationally frozen, there
is no Z-Scan classical response behaviour and AT,, =0,
figure 2 (b). In the absence of E., the non-linear Z-Scan
curve is characteristic of an induced convergent lens in
the sample, with n, > 0; moreover, n, increases with T.
These results indicate that the optical non-linearity
observed is mainly due to reorientation of n from the
coupling to the optical field.

Figure 3 shows a typical Z-Scan result with the doped
sample at different temperatures (T =60, 65 and 70°C),
without (¢) and with (b) the external electric field. Now
the Z-Scan response is typical of a divergent lens (with
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Figure 2. Typical Z-Scan results 090 -

with the undoped sample at 087 L
different temperatures (T = 20, £

55 and 70°C): (a) without the 0
external electric field, (b) with
the external electric field.

n,<0) and the absolute value of n, decreases with T.
When E, is present, the same behaviour is observed,
ie. the absolute value of n, decreases with T, but n,
still reaches positive values, for example, at T =70°C,
figure 3(b). The local heating of the sample due to the
laser beam was evaluated, taking into account its heat
absorption coefficient, and was less than 0.5°C during
an experimental run. We independently checked, by
using POM (texture observations), that the sample does
not undergo a nematic to isotropic phase transition due
to the laser heating, during the time of an experimental
run and for all the temperatures investigated.

It was verified that in doped and undoped samples,
the AT,, of the Z-Scan curves, figure 3(b), remain the
same (within our experimental accuracy) for external
fields until about E./3. This result indicates that the
homeotropic alignment is not expected to be significantly
perturbed by the optical field in all the cases investigated,

20

40 60 80 100
Z /mm

when the external field E. is present. The non-linear
phase shift, present in the Z-Scan results with the doped
samples in the presence of E., indicates that besides the
orientational origin, other mechanisms exist to account
for this non-linear response.

The response of the medium (dye-doped liquid crystal)
to the light electromagnetic field can be due to the light-
induced director reorientation and to any thermal lensing
contributions. These contributions can be separated by
superimposing the external field E. onto the optical field
[7]. In this framework it is assumed that thermal effects
remain the same with and without the external field. To
study the non-linear response of the sample due only to
the reorienting effect from the coupling between n and
E, the experimental data are treated in the following
way [7]: the Z-Scan results with E, present are sub-
tracted from the results obtained when E. is absent.
Typical Z-Scan results obtained with this particular
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treatment are presented in figures 4 (@) (undoped sample)
and 4 (b) (doped sample). In this framework we expect
to isolate the non-linear phase shift due essentially to the
orienting effect. The values of the non-linear refractive
index of the undoped (n,) and doped (n3) samples are
presented in the table. It is observed that in undoped
samples 7n, (which is positive) increases with increasing
T. The n5 values are negative, two orders of magnitude
larger than the values obtained with undoped samples
and with absolute values decreasing as T increases.
Another possible procedure to treat the experimental
Z-Scan results is to state the n, values for each Z-Scan
profile and subtract the numbers to get the contribution
from the orientational effect only. This procedure could
be more appropriate if the magnitude of the thermal
lensing contribution strongly depends on the orientation.
We calculated the values of n3 following this latter pro-
cedure and verified that they differ from those presented
in the table by less than 3%.

Z/mm

The torque amplification factor # can be obtained
from the Z-Scan experiments (only due to the reorienting
effect, as described above) [ 7]:

ATzzePhOSl
N= o pie | (4)
AT:V ng'Ayean
1 —exp(—oa.L
Pg‘nyeiin :dee OI?(L ) (5)

where AP, AP, P¥¢ and P"°* are the peak-to-
valley transmittances and the input powers of the dye-
doped and undoped samples, respectively. Their values
are presented in the table and plotted, as a function of
the temperature, in figure 5. It is observed that the bigger
the linear absorption, the smaller the absolute value of
n, as far the temperature dependences of these parameters
are concerned. The decrease of # with increasing temper-
atures could be partially due to the approach to the
nematic to isotropic phase transition of the host. A
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Figure 4. Typical Z-Scan results at

different temperatures obtained
by subtracting the transmittance
values (at a given z) with E,
present from the values measured
without E.. T =20 and 65°C:
(@) undoped sample, (b) doped
sample.
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Figure 5. Amplification factor due to the reorienting effect as

a function of the temperature.

decrease of the order parameter S as T increases is
expected, until the jump to S=0 at T =Tx;. As <0,
the dye torque is opposite to the optical torque. This
behaviour is different from that observed [6] in the
doping of E63 with AQ1 and AQ2 (He-Ne light) as a
function of the temperature: despite the linear absorption
presented with an increase as a function of the temper-
ature (as for our results), # (which is positive) starts to
decrease and afterwards increases with T. As the hosts
E48 and E63 have essentially the same physicochemical
properties (clearing points, flow viscosity, dielectric aniso-
tropy, optical anisotropy, threshold voltage [21]), the
different temperature behaviours observed in # versus T
seem to be characteristics of the dye molecule. Although
the cores of the AQ(1, 2) and D4 molecules are essen-
tially the same, D4 has two additional aromatic rings.
Drastic conformational changes are not expected to take
place to these dye molecules due to the optical field. On
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the other hand, their electronic structure in the excited Typical Z-Scan (open-aperture condition) results used
state is different from that in the ground state, changing to measure the non-linear absorption coefficient are
the interaction energy with the liquid crystal host. presented in figure 6 as a function of temperature, for
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doped samples without (@) and with E, (b). Undoped
samples do not give, within our accuracy, a measurable
value of f. An interesting feature is observed in the
Z-Scan profiles of doped samples for T < 50°C with-

40 50 60 70

Temperature/°C

out E, applied, figure 6(a): there is a peak (increase in
transmittance) at z ~ 0. This behaviour is not observed
when E,. is present. Similar behaviours were observed
for dye solutions of chloroaluminum phthalocyanine in
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methanol [227] and some organic materials [23], for
smaller time-scale regimes (ps) and larger incident light
energy pulses. Differently from our experiment, these
results dealt with isotropic systems. The physical pro-
cess which takes place for such materials is related to
electronic transitions (saturable absorption—SA) with 8
written as a function of the imaginary part of the third
order susceptibility y*® [23]. SA in dyes occurs at power
densities of about 1 MW cm™ %, much higher than that
used in our experiment (24 W cm™ ?). Since this behaviour
is not observed in our samples when E, is present, i.c.
when the optical electric field reaches the dye molecules
in a particular relative orientation, we will interpret our
observations as a consequence of the anisotropy of the
medium. As discussed in §2, the D4 molecule can be
sketched as a straight parallelepiped with a (slightly)
isosceles base (its height being smaller than any typical
dimension in the base). Anisometric dye molecules can
be oriented in the nematic matrix [24] by means of a
mechanical coupling between them and n. In this con-
dition, the optical electric field reaches dye molecules
that are in different relative orientations, depending
on the nematic matrix orientation. Our results indicate
that the non-linear absorption depends on this relative
orientation.

Referring to figure 7, in doped samples, both with (a)
and without (b) E., f increases with T. In particular
with E, applied (@), B~0 for T <50°C. In the case
of the samples without E, present, $ <0 for T < 50°C.
Following the same procedure described above, we
evaluate the contribution of the reorienting effect due to
the coupling between n and E in f3, subtracting from the
Z-Scan results without E. the results with E.. These
results are presented in figure 6(c). The contribution of
the reorienting effect in f3, as a function of T is shown
in figure 7 (c). The values obtained following this pro-
cedure differ less than 3% from those calculated simply
by subtracting the results in figure 7 (@) from those in
figure 7(b), as discussed in the calculation of n above.
There is a slight tendency to decrease the absolute value
of f as T increases. In almost all the temperature range
investigated (except at T = 70°C), f is negative and small.

Let us now analyse the complete set of absorption
data available—Ilinear, table 1; non-linear related to the
orienting effect, figure 7 (c)—and the torque amplification
factor y, figure 5, as a function of T. The absolute value
of 1 decreases for increasing temperatures, while o,
increases with T and the absolute values of f§ related to
the orienting effect decrease with T. Our results indicate
that the higher the non-linear absorption due to the
orienting effect, the higher the torque amplification. This
correlation is summarized in figure 8. The temperature
behaviour of # is not directly correlated with «,. The
effectiveness of the dye in promoting a torque in the
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Figure 8. Temperature dependences of the torque ampli-
fication factor n and the non-linear absorption related to
the orienting effect.

nematic matrix appears to be mostly related to its
non-linear absorption.

In summary, the temperature behaviour of # in the
E48-D4 host—guest system showed a monotonic aspect,
different from other anthraquinone dyed liquid crystals
(AQ1,2 in E63). This behaviour, in our case, is consistent
with the monotonic dependence on temperature of the
linear and non-linear optical absorption coefficients. In
particular, the non-linear optical absorption coefficient
related to the reorienting process is negative and of the
order of —0.25mm W~ '. The temperature dependence
of 1 seems to be directly correlated with f and not
o,. Since drastic conformational modifications of dye
molecules are not expected to occur from the ground to
the excited state, the role of the electronic structure
seems to be dominant in the reorienting process in dyed
nematics.

Fundagdo de Amparo a Pesquisa do Estado de Sdo
Paulo (FAPESP), CNPq and PRONEX supported
this work. It is a pleasure to thank Dr T. Koésa and
Msc. S. Alves for very helpful discussions. One of us
(J.E.) also thanks Dr R. Horowicz.

References

[1] Knoo, I. C., 1988, in Progress in Optics, Vol. XXIV,
edited by E. Wolf (New York: North-Holland).

[2] PAaLrFy-MuHORAY, P., 1990, in Liquid Crystals,
Application and Uses, Vol. 1, edited by B. Bahadur
(Singapore: World Scientific).

[3] JANossy, 1., and Lroyp, A. D., 1991, Mol. Cryst. lig.
Cryst., 203, 77.

[4] Smmoni, F., and FRANCESCANGELI, O., 1999, J. Phys.:
Condens. Matter, 11, R439.

[5] JANossy, 1., 1994, Phys. Rev. E, 49, 2957 and references
therein.



17: 48 25 January 2011

Downl oaded At:

742 Director reorientation of dye-doped NLCs

[6] JANOssy, L., CsiLLAG, L., and LLoyp, A. D., 1991, Phys.
Rev. A, 44, 8410.

[7] JANossy, 1., and Kosa, T., 1992, Opt. Lett., 17, 1183.

[8] PaPARrRO, D., MADDALENA, P., ABBATE, G., SANTAMANO, E.,
and JANoOSsSY, 1., 1994, Mol. Cryst. lig. Cryst., 251, 73.

[9] Kosa, T., and JANoOsSy, 1., 1995, Opt. Lett., 20, 1230.

[10] NOLLMANN, M., SHALOM, D., ErcHEGOIN, P., and
SERENI, J., 1999, Phys. Rev. E, 59, 1850.

[11] Fun, A. Y. G., Tsal, M. S, Leg, C. R, and Fan, Y. H.,
2000, Phys. Rev. E, 62, 3702.

[12] YANG, H., YamaNE, H., KikucHi, H., and Kajiyama, T.,
2000, Lig. Cryst., 27, 721.

[13] Ouskova, E., Feporenko, D., REesnikov, Y.,
SHIYANOVSKIL S. V., Su, L., WEsT, J. L., KUKSENOK, O. V.,
FRANCESCANGELL, O., and SiMONI, F., 2001, Phys. Rev. E,
63, 021701-1.

[14] JANossy, 1., and Prasap, S. K., 2001, Phys. Rev. E, 63,
041705-1.

[15] DE Genngs, P. G., and Prosr, J., 1993, in The Physics
of Liquid Crystals (Oxford: Clarendon Press).

[16]
[17]

[18]

[19]
[20]

[21]
[22]

[23]
[24]

SHEIK-BAHAE, M., SAaiD, A. A., and VAN STRYLAND,
E. W., 1989, Opt. Lett., 14, 955.

SHEIK-BAHAE, M., SAID, A. A., WEL, T. H., HAGAN, D. J.,
and VAN STrRYLAND, E. W., 1990, J. quant. Electron.,
QE-26, 760.

GoMmEz, S. L., Curpro, F. L. S., FIGUEIREDO NETO, A. M.,
Kosa, T., MurRaMATSU, M., and Horowicz, R. J., 1999,
Phys. Rev. E, 59, 3059.

GOMEZ, S. L., and FIGUEIREDO NETO, A. M., 2000, Phys.
Rev. E, 62, 675.

OLIVEIRA, L. C., and Ziuio, S. C., 1994, Appl. Phys. Lett.,
65, 17.

EM Industries Hawthorne NY data sheet: Licristal.
WEI, T. H., HuanGg, T. H., and Lin, H. D., 1995, Appl.
Phys. Lett., 67, 2266.

RANGEL-RoOJO, R., Matsupa, H., Kasai, H., and
NAKANIsHIL, N., 2000, J. opt. Soc. Am. B, 17, 1376.
BUrRNELL, E. E., and LANGE, C. A., 1998, Chem. Rev.,
98, 2359.



