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Transient Characteristics of Photothermal 
Self-phase Modulation in Guest Host Liquid 

Crystals 

HIROSHI O N 0  and JUNIClHI KIKUHARA 

Department of Elec trical Engineering, NrigaoXa Uniwrrit) of Technology 
1603-1 Kumitonzicika, NagaciXa 940-2 188, JAPAN 

Tramient properties of self-phase modulation in gue’t host liquid crystals (GHLCs) have 
been quantitatively by both experimental and theoretical approachcs. By theoretical calcula- 
tions using time-dependent heat-conduction analysis, we have time constants in good agree- 
ment with the experimental observation for two kinds of GHLC cells with glass and acrylate 
substrates. 

Krvwordr: self-phase modulation; heat conduction analysis; guesl host liquid cryslal; non- 
linear optics 

1. INTRODUCTION 

Nematic liquid crystals (NLCs) posses an abundance of useful 
characteristics, including very broadband large birefringence, 
transparency, unusually large susceptibility to ac, dc and optical fields. 
and ease of fabrication of large areas [l]. It is known that optically 
induced NLC director reorientation results in extraordinary large 
nonlinear refractive index change, which can be enhanced by doping 
appropriatc dye molecules (guest host NLC, GHLC) [l]. On the other 
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hand, i t  is known that NLCs have large gradients dn, l 3 T  and 

O’n,j l Z T ,  where n, and no are the extraordinary and ordinary 

refractive indices, respectively. Even though the director reorientation of 
NLCs does not occur, photosensitivity (photothermal effect) is achieved 
by absorbing the laser beam and heating NLC [l-211. Photothermal 
effect is most fundamental phenomenon in laser-induced refractive 
index change in NLCs and self-phase modulation is typical of the type 
of nonlinear wave propagation which is caused by a photothermal 
refractive index change in GHLC. It is very important to characterize 
the photothermal effects in GHLC in order to apply other photophysical 
and/or photochemical properties to optically active devices. 

The first purpose of this study is to present the characterization and 
analyzing method for the transient properties of photothermal effects in 
GHLC. The second purpose is to clarify the effect of kind of LC cell 
substrate by means of developed characterization method. 

2. SELF-PHASE MODULATION IN GHLC 

In the present paper, we treat homogeneously aligned GHLC and the 
polarization direction of the pump laser beam is set to be parallel to the 
director of GHLC. In case of a beam polarized parallel to the GHLC 

director, the gradient 2nL, I O‘T is negative. 

FIGURE 1 Profile of the diffraction pattern from GHLC. 

When the intensity of pump beam is sufficiently large and the maximum 
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phase increment due to the photothermal effect is much larger than 2w, 
the number of the bright rings is appeared as shown in Figure 1. Since 
the thermal conductivity of GHLC shows strong anisotropy and the 
elliptical distribution of the heat is generated by photothermal ef’fects, 
the difyraction pattern from GHLC shows the elliptical shape as shown 
in Figure 1.  

We use the single-mode laser beam with the Gaussian transverse 
profile propagating into the GHLC film and we have 

where, I ,  is the on-axis intensity, w is the beam waist, andx is the 

coordinate parallel to the LC director. According to Kirchhoff 
diffraction theory. a far-field diffraction intensity distribution of the 
Gaussian beam transmitted through the GHLC can be given as 

where, p is the distance from the center of the far-field pattern at the 

observation point, 2 is the distance from the GHLC film to the 

observation point, J,(x) is the first-order Bessel function of the first 

kind, k ,  is the wavenumber in free space. The phase factor, #(x), 

consists of the Gaussian phase depending on the wave-front curvature 
and the phase shift of the beam transmitted through the medium of the 
thickness d ,  given as 

where 4, (x), and +*, (x) are the intensity-independent and the 
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intensity-dependent (nonlinear) phases. respectivel). and are gi\ en h> 

where An(u z) is the distribution of the refractiTe index change. which 

is negative in our experimental condition. According to our previous 
works. the higher-order intensity dependence of the refractive index is 
given ;IS 

where. n, ;nd n, are nonlinear coefficients 

3.  SAMP1,ES 

The nematic LC. 4'-pentyl-4'-cyanobiphenyl ( K B ) .  was obtained 
from Merck Japan Ltd. Commercially available Disperse Blue 14 
(DR14) was obtained from Aldrich Co., Ltd. as guest dye and was used 
without further purification. GHLC was sandwiched between thvo 
parallel unidirectionally rubbed poly(viny1 alcohol) coated with 
transparent substrates. The dye concentration was 0.075 \vt?i) and the 

CiHLC thickness was 100 pni. In order to clarify validit) of our 

characteri~ation method. we used two kinds of substrates. glass and 
acrylate. which show the different thermal conductivities. Since the 
GHLC was homogeneously aligned due to the guest-host effect. the 
CillLC showed strong anisotropy. The thickness (of glass and acrylate 
substrates were 1 and 2 mm. respective]!. 
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4. TRANSIENT DIFFRACTION PATTERNS 

Figure 2 shows experimental setup for transient self-phase 
modulation in GHLC. A linearly polarixd He-Ne laser (632.8 nm) with 
an intensity of 3 mW was used for exciting the self-phase modulation in 
GHLC. The polarization direction ot the He-Ne laser beam was 
controlled by a half-wave plate and set to be parallel to the director of 
GHLC. 

I 
~y (director) 

Signal 

FIGtJRL-: 2 Experimental setup for measuring transient self-phase 
modulation. 

The He-Ne laser beam was focused to an e ’ diameter of I34 pm at 

the GIIIX cell by a focusing lens ( I = 30 cm). A part of the traverse 

diffraction beam was cut using a pinhok of 25 p i  radius and guided to 

a photodiode (PD2). In order to characterize the transient properties of 
He-Ne laser beam was separated into excited and reference beams 
before the beam incident the GHLC cell. Thc laser beam was smitched 
by a mechanical shutter and the reference beam was monitored by 
another photodiode (PDl) in order to determine the time when the beam 
was started to incident the sample. Both transient signals from PDI and 
PD2 were monitored by a Kikusui K-7 101 A digitizing oscilloscope and 
typical signals are shown in Figure 3 .  
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( 2  ' I , \  I. 11, 2' ,, < I / :  3 .  I" 1' 

Kadius (mtn! K d d i ~ i ,  I niin 1 

FlGl JRF. 4 Transient radial intensity distributions of the diffraction 
pattern from GNLC. Filled circles. experimental data: solid CLI~\ ' I 'S .  

theoretical fitted curves. 

I'hc pinhole ?bas set on the pulse stage and oiie-dirncnsional S t X n S  m . ; ~  
performed. 7 hc same transient signals as s h o n ~  ill f:igure v.erc1 
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obtained by repeating the same transient experiment at each points. A 
series of signals is reorganized into the transient fringe signals at each 
time as described in Figure 4. As the time is passed, the power from thc 
central region appears to be pushed out into the wing region. The larger 
number of diffraction fringe from GHIX cell with acrylate substrates 
were observed in comparison with those from GHLC with glass 
substrates because thermal conductivity of the acrylate substrate is 
much lower than that of the glass substrate, which will bc quantitatively 
discussed in the next section. 

5. TRANSIENT HEAT CONDUCTION ANALYSlS 

In order to clarify the quantitative mechanism for transient 
self-phase modulation obtained from experiments, time-dependent heat 
conduction analysis was performed by numerically solving the heat 
conduction equation. According to Biot-Fourier phenomenological 
assumption. we obtain the following expression: [ 19,211 

(7) 
where k ,  . k ,  , and /c- denote the three-dimensional thermal 

conductivities, pd denotes the density of the media, c is specific heat, 

and Q ( x , y , z )  is a heat source which is supplied from the laser beam. 

Equation (7) was solved by means of finite-element method and 

time-dependent temperature distribution T(x .  y ,  z. t )  was obtained. 

Figure 5 shows a typical of temperaturc distributions at the boundary 
between substrate and GHLC layer. D
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FI GIJRE 5 Calculated time-dependent temperature distrihul ions. In the 

case of glass substrates. T(s,O,l.t) at J = 0 and z = 1 mm mere 

described in thc ligure. while T(x,0.2.r) for acrylate substrates 

-n I 5 -n n? 00' o i s  11 15 i i n c  on.; II 1 9  

s (mrn) \ (mml 

FIGIJRE 6 Thc calculated transient refracthe index distributions 
the photothcrrnal effects. 

due to 
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6. COMPARISON EXPERIMENTS WITH THEORY 

In order to discuss transient self-phase modulation, refractive index 
distributions have to be estimated from the calculated temperature 
distributions. We can calculate the index distributions by the 
temperature distributions and the temperature variation of the refractive 
index. Figure 6 shows the index distributions in the x-axis direction. 

Figure 7 shows the time-dependent refractive index change [ An(O)]. 

The data are normalized at the saturated value of refractive index 
change. Although the slight difference between the theory and 
experiment for the GHLC cell with acrylate substrates was observed, we 
can obtain the similar time constant from both experimental observation 
and theoretical estimation. 

FIGURE 7 Time-dependent refractive index change. Filled squares and 
triangles were obtained from experiments for GHLC cells with glass 
and acrylate substrates, respectively. The solid and dotted curves were 
obtained from theoretical calculations. 

7. CONCLUSIONS 

We quantitatively characterize the photothermal self-phase 
modulation including the time constant. The theoretical calculations by 
means of time-dependent heat conduction analysis were very usehl for 
characterizing the photothermal effects in GHLC. By using 
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chnracterizing method described here. we also cxplained the difference 
hetween the photothermal effects i n  GH1,C with glass substrates and 
those in (?HI,(' with acrylate substrates. 
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