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Self-transparency due to thermal non-linearities is presented as a basic switching e� ect in a
thick polymer dispersed liquid crystal sample. For the � rst time a detailed 3D mapping of
the output laser beam as a function of the x-y coordinates is presented: changes of the
transmitted beam pro� le are recorded vs. both incident power and time. It is discussed how
light intensity and temperature can be used as control parameters for the non-linear part of
the refractive index. The experimental results con� rm the existence of a threshold value
of the incident light intensity at which the device switches from the scattering state to the
transmissive state.

1. Introduction the polymeric matrix. The matching of the two refractive
indices yields an increase of transmittivity. This lastPolymer dispersed liquid crystal (PDLC) composites
phenomenon has been the basis for the � rst observationhave been the subject of extensive research in recent
of the non-linear optical behaviour of a PDLC sampleyears due to their peculiar optical properties which can
obtained by light-induced thermal e� ects [7, 8]. The� nd applications in many types of optical device [1–4].
observed non-linear quenching of light scattering is whatPDLCs are formed by phase separation of the LC com-
we call self-transparency .ponent from a homogeneous solution in a prepolymer

In the present work we studied a PDLC system,or polymer [5]. The liquid crystal forms droplets whose
0.68 mm thick, obtained by a PIPS method based on asize, shape and distribution depend on the preparative
photochemically initiated polymerization process. Thetechnique used.
LC component is commercially available under the tradeThese materials produce strong light scattering, so
name E7, while the polymer matrix is an unsaturatedthat the samples appear opaque, but by applying an
polyester resin. A molecular, morphological and thermo-external voltage it is possible to reorient the liquid
optical characterization of this system has been presentedcrystal molecules to obtain optical switching to a high
in previous publications [9, 10], where we providedtransmission state. This e� ect has been explained as
evidence of a self-transparency e� ect in a PDLC at abeing due to a matching of the ordinary refractive indices
low incident intensity when the temperature rose aboveof the droplets with that of the polymeric matrix [6]. A
a threshold value of 58 ß C. Under this condition, we havesimilar phenomenon can be observed by heating the
demonstrated a transmission switching from a very lowsample to a temperature above the phase transition to
level (scattering state) to a high level (transmission state).the isotropic state, it being well known that a nematic

In this paper we report a detailed investigation of theliquid crystal at its transition temperature changes from
self-transparency e� ect through a thick PDLC sample,the nematic state to the isotropic state. As a consequence,
studying the switching behaviour for increasing intensitythe ordinary refractive index n0 of the nematic state
at a � xed sample temperature and for increasing temper-increases to a value very close to the refractive index of
ature at a � xed impinging light intensity. Our data
con� rm the observations previously made on dye-doped*Author for correspondence;

e-mail: mormile@inter.cib.na.cnr.it samples [7, 8] claiming that the thermal non-linearities
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478 L. Petti et al.

are responsible for the e� ect and represent the � rst mixing the appropriate amounts of E7 with the uncured
resin at 70 ß C, obtaining a visually transparent, homo-three-dimensional mapping of the transmitted beam.

This analysis clearly shows the e� ect of ‘beam shaping’ geneous solution. 1.0 wt% of the UV curing agent 1,2
diphenyl-2,2-dimethoxyethan-1-one , (IRGACURE 651occurring during the self-transparency phenomenon.
from Ciba-Geigy) was added at room temperature and
the formulation was poured between two glass plates2. Experimental

The unsaturated polyester prepolymer was obtained separated by a 0.68 mm te� on spacer. The assembly was
placed under a UV lamp and irradiated for 5 min. Inby a condensation reaction between propylene glycol,

maleic anhydride and isophthalic anhydride in the molar order to analyse the light propagation through this
material, and study the beam pro� le changes inducedratio 0.50/0.45/0.05. The polyester prepolymer had a

number average molecular weight, M
±

n , of 2.4 Ö 103, a by thermal non-linearities, we used the experimental
set-up shown in � gure 1.weight average molecular weight, M

±
w , of 8.0 Ö 103 and

an average number of double bonds per chain of 9.5. The sample with a thickness of 0.68 mm is placed
in a programmable thermostatic cell which allowsThe formulation used in the present contribution con-

tained 35 wt % of styrene as coreactive monomer; there- temperature control to Ô 0.1 ß C and heating rates as low
as 0.1 ß C minÕ 1.fore the initial molar ratio between styrene and polyester

unsaturation was 1.1. The LC component was a eutectic The light beam from an Argon ion laser (l = 514 nm)
is normally incident on the sample; the transmitted opticalmixture of four liquid crystals, commercially available

as E7 (Merck). The PDLC samples were prepared by power Pt is focused on a screen where the projected

Figure 1. Experimental set-up for
the analysis of the beam pro� le
propagating in a PDLC.

Figure 2. Experimental results on
the light transmittivity as a
function of the incident light
intensity for di� erent tempera-
tures: (a) T= 25 ß C, (b) T= 35 ß C,
(c) T = 45 ß C, (d) T = 50 ß C,
(e) T = 55 ß C and ( f ) T = 60 ß C.
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479L aser beam output 3D mapping from a PDL C

image of the sample is collected by a pro� lometer to give threshold values of the incident power Pth on increasing
the temperature from (a) to (e). For the highest temper-a complete 3D map of the output beam as a function

of the x-y coordinates. A beam splitter just before the ature considered there is no threshold, as expected:
we are above the transition temperature (T = 58 ß C) ofsample allows monitoring of the incident power Pi . The

self-transparency e� ect has been studied in various the nematic liquid crystal to the isotropic state, and
transmission is always ON whatever the incident power.situations: (a) for increasing values of the incident power

with constant temperature of the sample; (b) at di� erent In � gure 3, two-dimensional pro� les of the output
laser beam at an incident power P

i
= 100 mW are pre-temperatures in the oven with � xed light power that

corresponds to a threshold value (P
th

) at which the trans- sented for T < 35 ß C, (a) and (b), when a weak scattering
of light is observed, and for T > 35 ß C, (c–f ), when themittivity passes from the OFF to the ON state, con-

sidering also the temporal evolution of the phenomenon laser beam is transmitted. A similar phenomenon is
observed on analysing the time evolution of the beambeing analysed.

In � gure 2 we report the transmittivity as a function of pro� le at T = 25 ß C and Pi
= Pth (see � gure 4). The

response time of the optical switching is 12 s; this is thethe incident power of light at T = 25 ß C (a), T = 35 ß C (b),
T = 45 ß C (c), T = 50 ß C (d), T = 55 ß C (e) and T = 60 ß C ( f ). time necessary for the light to pass from the scattering

state to the transmissive state, at constant T and P.A clear switching e� ect is observed with di� erent

Figure 3. Two-dimensional pro� le
of the transmitted light intensity
as a function of temperature
at Pin

= 100 mW: (a) T = 25 ß C,
(b) T = 35 ß C, (c) T = 45 ß C,
(d) T = 50 ß C, (e) T = 55 ß C,
( f ) T = 60 ß C.
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480 L. Petti et al.

Figure 4. Pictures showing the
beam self-transparency e� ect
after travelling through the
PDLC sample vs. time at input
power of 188 mW at 25 ß C:
(a) t = 0 s, (b) t = 12 s, (c) t = 13 s,
(d) t = 14 s, (e) t = 15 s,
( f ) t= 18 s.

In � gure 5, three-dimensional pro� les of the laser where nOD is the refractive index at room temperature
and without any applied � eld; dn

D
(I ) is its variationbeam travelling through the PDLC at T = 45 ß C for

di� erent values of the incident power P
i

are presented. depending on the light intensity and dn
D

(T ) its variation
depending on the temperature.At this temperature the threshold value of the incident

power Pth is about 60 mW. Again a clear switching e� ect At the same time we can write the refractive index of
the polymeric matrix:is shown: below Pth , (a), we have an OFF state with no

transmission, while above Pth , (b–d ), the ON state
n
M

= nOM +dn
M

(I ) + dn
M

(T)
is reached.

where the terms nOM , dnM (I ) and dnM (T ) have similar
de� nitions to those given above in the case of the LC
droplets.

3. Discussion
The experimental data show that increasing the tem-

A three-dimensional map of the beam pro� le coming
perature has the same e� ect as increasing the intensity,

out from a thick PDLC sample, at increasing values
since the actual intensity e� ect is a local rise of temper-

of the incident intensity, allows us to study the self-
ature. For this reason the two terms dn (I ) and dn(T )

transparency e� ect in a PDLC. Let us consider the
represent two di� erent contributions to the same e� ect

refractive index of the LC droplets written in the following
which is a thermal variation of the refractive index. We

form:
have written them as separate terms to point out that we
actually have two ways of controlling the transmissionn

D
= nOD +dn

D
(I ) +dn

D
(T )
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481L aser beam output 3D mapping from a PDL C

Figure 5. Three-dimensional pro-
� les of a laser beam travelling
through the PDLC at T = 45 ß C
for increasing values of the
incident power: (a) P = 35 mW,
(b) Pth

= 60 mW, (c) P = 80 mW
and (d ) P = 109 mW.

state of the sample. In this way the mismatching condition An increasing temperature of the sample corresponds
to a decrease in the threshold power values: the samplewhich strongly a� ects light scattering (proportional to
is already heated by the oven and needs to absorb aDn2) can be written as:
lower amount of light from the incident beam to switch

Dn = nD
Õ nM

= Dn0 +Dn(I ) +Dn(T ).
to the transparent state. In this table there is also shown
the response time necessary to switch to the transmissionBoth Dn(I ) and Dn (T ) being negative for increasing
state for various threshold values. It is obvious that thevalues of I and T, respectively, self-transparency can be
switching becomes faster for higher intensities due to aachieved when Dn approaches zero.
faster heating of the sample induced by the light.This equality shows that one can adjust both I and

Another important feature that stands out from theT to get the transmission state. In fact, by increasing T
3D map is the ‘beam shaping’ e� ect. This means thatwe change the temperature of the whole sample, while
due to the intensity-dependent switching, the spatialby increasing I only the local temperature of the spot
light distribution is modi� ed in the transmitted beamhit by the pumped light is changed. As a consequence,
producing a self-steepening of the beam. This is clearas reported in � gure 2, the incident power required for
from � gure 6, where we compare a 2D pro� le of theswitching is strongly dependent on temperature.
beam with a theoretical gaussian curve, which properlyThe index matching condition, Dn (I ) +Dn(T ) = Õ Dn0,
� ts the incident beam. The evident squeezing e� ect maydemonstrates that a large variation of the temperature
be qualitatively explained in the following way. The tailsof the whole sample requires a small light-induced e� ect
of the gaussian beam are below the threshold for trans-to obtain transparency and vice versa. This fact is well
parency and are strongly attenuated due to scattering,demonstrated by the data in the table below:
while the central part of the beam is far above threshold
and is transmitted with low losses. In fact, however, a
quantitative analysis is made di� cult due to a self-phaseTemperature/ß C Threshold power/mW Response time/s
modulation e� ect which arises on the transmitted beam

25 188 12 as a consequence of the non-linear propagation.
35 134 14
45 60 28 4. Conclusion
50 35 40

In this article we have analysed the self-transparency
55 19 54

e� ect which can occur in a highly scattering medium,
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482 L aser beam output 3D mapping from a PDL C

evolution of the beam propagation while maintaining
unchanged the initial conditions (same incident light
power at constant temperature) : the process starts with
no transmission and high scattering, and after a few
tens of seconds the output beam shows its typical
con� guration.

In conclusion, we have studied the propagation of a
light beam inside a PDLC and reported experimental
evidence of light transmission from an OFF to an ON
state. Such a thermally/optically-induced self-bleaching,
due to the index matching, of our PDLC indicates the
possibility of employing this material to design thermal
sensors or a device working as an optical switch.

Figure 6. Two-dimensional pro� le of the output beam above
the theshold power P = 60 mW at T = 45 ß C (full line)

The authors wish to thank Mr E. Casale for technicalcompared with the gaussian pro� le of the incident power
(dotted line). assistance. This work was supported by a grant from

Regione Campania, ‘Programma Operativo Plurifondo,
Azione 5.4.2’.
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