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Observation of spatial distribution of laser-induced refractive
index change in dye-doped liquid crystals
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1603-1 Kamitomioka, Nagaoka 940-2188, Japan

(Received 2 April 2001; accepted 5 June 2001 )

Spatial distributions of photothermal refractive index changes in dye-doped liquid crystals
were determined by an optical interferometric method. The refractive index change of the
order of 10 Õ 1, including spatial distribution, was estimated by the described experimental
technique. The absolute value of the refractive index change was proportional to the pump
beam power, and the diameter of the index distribution was slightly larger than that of the
pump laser beam due to heat conduction.

1. Introduction was estimated by solving KirchoŒ’s diŒraction integral
including non-linear phase distribution. However, a largeA wide range of applications has arisen that bene� t

from the ability of liquid crystals to change their phase increment over 2p is necessary for accurate deter-
mination of the spatial distribution of the refractivebirefringence in an electric � eld [1]. In recent years

this range has been extended by the discovery of new index change, because the experimental diŒraction patterns
have to be theoretically � tted with KirchoŒ’s diŒractionphenomena: the orientational photorefractive eŒects [2–4],

photothermal refractive index change [5–7], and photo- integral.
In the present work, by means of a Mach–Zehnderinduced phase transition [8–10]. Dye-doped liquid

crystals exhibit a myriad of optical eŒects which are interferometer, we have investigated the spatial distri-
butions of laser-induced refractive index change in aintrinsic to their unique nature. These useful non-linear

optical properties in the dye-doped liquid crystals will dye-doped liquid crystal. By using the optical interfero-
meter, the spatial distributions of the laser-inducedplay an important role from the viewpoint of photonics

applications. In order to realize these applications, it is refractive index change were observed with high sensitivity
and accuracy.important to investigate the mechanism of laser-induced

refractive index change in dye-doped liquid crystals. For
this purpose, several types of experiments have been 2. The method
performed in previous work. One sophisticated method In order to prove the validity of the characterization
is to observe laser-induced birefringence by using a linear method described here, 4-pentyl-4 ¾ -cyanobiphenyl (5CB)
probe beam with crossed polarizer con� guration [8–10]. was used as the host liquid crystal and 1-(N-methyl-
Although laser-induced birefringence has been roughly amino)anthraquinone as the guest dye. The guest dye
estimated by means of this con� guration, the spatial (2 mg) was dissolved in 5CB (1 g) at a temperature above
distribution of laser-induced refractive index change has the nematic–isotropic transition temperature (~35ß C).
not been characterized. Another method is to charac- The resulting dye-doped liquid crystal was sandwiched
terize the self-diŒraction rings caused by extremely large between two parallel transparent glass substrates. The
self-phase modulation of the dye-doped liquid crystal inner surfaces of the two substrates were coated with
[5–7]. When the refractive index change is negative and poly(vinyl alcohol) � lms and rubbed unidirectionally.
the maximum phase increment [Dw]max is much larger The space between the � lms was maintained by 50 mm
than 2p, the number of bright rings is approximatel y given thick polyester � lms, and homogeneous structure obtained.
by the integer closest to but smaller than [Dw]max /2p, Strong anisotropy existed because the dye-doped liquid
and the diameter of the outermost ring is determined crystal was well aligned.
from the maximum slope of Dw at the in� ection point. The experimental arrangement is schematically shown
The spatial distribution of refractive index change in � gure 1. The major elements of our experimental

apparatus are a Mach–Zehnder interferometer working
with one collimated He-Ne laser beam (632.8 nm) as a*Author for correspondence; e-mail: onoh@nagaokaut.ac.jp
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1776 H. Ono and H. Saeki

where l is the wavelength of the probe beam and l is
the thickness of the dye-doped liquid crystal � lm. After
the phase diŒerence between two arms of the interfero-
meter was set to be 2mp, the refractive index of the dye-
doped liquid crystal was spatially modulated by the
frequency-doubled Nd-YAG laser with a Gaussian pro-
� le. The intensity of the light leaving the interferometer
can then be written

I(x, y) 5 |E1 |2 1 |E2 |2 1 2A1A2 cos[DW(x, y)]. (6)

3. Results
Figure 2 shows the fringe patterns from the optical

interferometer without the pump, (a), and with the pump
beam, (b). Since the two beams were adjusted to follow

Figure 1. Experimental set-up for laser-induced refractive
the same course at an exit of the interferometer, and theindex change measurements, where M1, M2, and M3
phase diŒerence between two arms was set to be 2mpdenote mirrors, BS1 and BS2 beam splitters, L1, L2 and

L3 lenses, and SF is a spatial � lter. by adjusting the position of M2, only one bright spot
was observed in the fringe pattern as shown in

probe beam and one frequency-doubled Nd-YAG laser
beam (532 nm) as a pump beam. The dye-doped liquid
crystal � lm was placed in one arm of the interferometer.
The pump beam was focused to an e Õ 2 diameter of
490 mm at the sample cell. Since the two beams (He-Ne
laser beam) in the Mach–Zehnder interferometer are of
the same frequency, a stationary interference pattern is
formed and the electrical � eld of the two waves can be
written as

E1 (x, y) 5 A1 (x, y) exp[iw1 (x, y)]

E2 (x, y) 5 A2 (x, y) exp[iw2 (x, y)] (1 )

where A1 and A2 are the wave amplitudes, and w1 and
w2 are the phases. The intensity of the electromagnetic
radiation after interference can be written

I(x, y) 5 |E1 (x, y) 1 E2 (x, y)|2. (2 )

Using equation (1) for the electric � eld, the intensity can
be written

I(x, y) 5 |E1 (x, y) |2 1 |E2 (x, y) |2

1 2A1 (x, y)A2 (x, y) cos W(x, y) (3 )

where

W(x, y) 5 w1 (x, y) Õ w2 (x, y). (4 )

The intensity of the light leaving the interferometer is
a function of the phase diŒerence between two arms, and
the maximum value is obtained at W 5 2mp (m 5 integer).
The laser-induced change in the refractive index of the
dye-doped liquid crystal is related to the change in phase
(DW) as follows: Figure 2. Interferometer fringe patterns (a) without pump and

(b) with pump beam. The dark spot originating in a
photothermal refractive index change is indicated byDW(x, y) 5

2p

l
lDn(x, y) (5 )

the arrow.
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1777L aser-induced refractive index change

� gure 2 (a). When the pump beam was irradiated at the means of KirchhoŒ’s diŒraction theory, including non-
linear phase change [6, 7]. In order to estimate thesample, according to equation (6), a dark spot appeared

in the fringe pattern as shown in � gure 2 (b). refractive index change with high accuracy, a large phase
increment over 2p, or a refractive index change of theIn order to characterize the distribution of the refractive

index change quantitatively , the intensity distribution of order 10 Õ 2 ( l 5 50 mm, l 5 0.633 mm), is necessary.
Figure 4 (a) shows peak values of the refractive indexthe fringe pattern was measured as follows. The fringe

pattern was cut by a pinhole and a guide to the photo- change versus pump beam power. The absolute value
of the refractive index change was proportional to themultiplier by an optical � bre. The pinhole was set on the

pulse stage, and one-dimensional scans of the intensity pump beam powder under our experimental conditions.
In our previous publication [6], self-diŒraction patternsdistribution were obtained by changing the pinhole

position. Figure 3 (a) shows the measured fringe pattern originating from photothermal self-phase modulation
were in good agreement with calculated results whenfrom the optical interferometer without the pump and

with the pump beam. The intensity of the light after the refractive index changes were assumed to be described
by the equation Dn 5 n2I 1 n4I2, where n2 and n4 areinterference decreased under irradiation by the pump

beam. Using equation (6), the spatial distribution of the non-linear coe� cients, and I is the light intensity.
However, under the experimental conditions describedlaser-induced refractive index change was estimated as

described in � gure 3 (b). Although the signal-to-noise in the present paper, since the pump beam intensity was
weak, the higher order optical non-linearity could beratio became worse for small index changes (<10 Õ 3 )

due to instabilities of the optical interferometer and/or ignored. The e Õ 2 diameter versus pump beam intensity
is summarized in � gure 4 (b). The diameter of the distri-the limit of the performance of the detector, the distri-

bution was close to Gaussian. As shown in � gure 3 (b), bution of the refractive index change was slightly larger
than that of the pump laser beam. Since the refractivea refractive index change of the order 10 Õ 3, including

spatial distribution, was estimated by means of the index changes were caused by photothermal eŒects in
the dye-doped liquid crystal, the generated heat wasexperimental technique here described.

We previously reported that the laser-induced refractive conveyed in the liquid crystal layer according to its
thermal conductivity. It has already been reported thatindex change could be estimated from the self-diŒraction

pattern due to photothermal self-phase modulation by the photothermal phenomenon could be characterized

Figure 4. (a) Dependence of the refractive index change on
Figure 3. (a) Interferometer fringe patterns without pump the pump beam intensity. (b) Dependence of e Õ 2 diameter

of the index distribution on the pump beam intensity.and with pump beam. (b) Distribution of photothermal
refractive index change in the dye-doped liquid crystal; The � lled squares denote experimental data; the dotted

lines represent theoretical curves obtained by the use ofthe dotted curve denotes experimental data and the solid
line represents the theoretical � tting curve. heat-conduction analysis.
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by the use of heat-conduction analysis [7]. We con- References
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