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The laser-induced transient grating method is applied to study the dvnamies of the nematic MBBA film. The
nanosecond laser pulses of 335 nm are used to make the transient grating and the ¢w 1 le-Ne laser of 633 um is
used to probe the dvnamics. Strong multiple order diftractions are observed at high nematic temperatures. The
reordering process induced by the phototranstormed state, which is the locallv melted state from the nematic
sample, 1s attributed to the main origin of the multiple order diftractions from the nematic MBBA. The charac-
teristics of the multiple order gratings are discussed with the grating profiles simulated from the multiple dif-

traction signals,

Introduction

A number of physical properties’~* of liquid crystals are
highly anisotropic owing to intermolecular interactions
strong enough to produce aligned structures. The anisotropic
molecular stnicture is attributed to the alignment of the lig-
unid crystalline molecules. which has been utilized in electro-
optic and display devices.” The locally aligned structures
called pseudonematic domains are maintained even in the
isotropic phase of the liquid cryvstalline materials.>% While
the pseudonematic domains undergo dynamic changes. the
size of the aligned domains is related quantitatively with the
temperature. The presence of the psendonematic domains
makes the dynamics of the isotropic liquid crystal different
from that of the conventional isotropic liquids. The dynamic
characteristics of the isotropic phase such as the molecular
orientation are described well with a theoretical model
related to the pseudonematic domains.

Liquid crystals also have extraordinarily large nonlinear
optical properties. as the strong intermolecular interactions
produce new polarizations in a collective way under an
external optical field. Anisotropic molecular shape and long
conjugated electronic structure of liquid crystalline mole-
cules contribute to the large optical nonlinearity. The collec-
tive molecular motion makes the nonlinear optical effects of
liquid crvstals rise in a much slower time scale than those of
inorganic nonlinear materials. While many nonlinear optical
methods.>™'* such as self-focusing. optical phase conjuga-
tion. and four wave mixing. have been used to study the
optical nonlinear properties of liquid cryvstals. the dvnamic
approach can take advantage of the temporal separation of
various physical origins. Recently we have applied the tran-
sient grating method to study the nonlinear optical dvnamics
of MBBA (4-methoxybenzylidene-4-n-butvlaniline).’ !> In
this work. we supplement the previous study’- of the nem-
atic MBBA with the multiple order diffractions. While
MBBA is one of the most studied liquid crvstalline materi-
als. )33 there are many questions left unresolved in the

fundamental nonlinear optical dvnamics. The well-known
physical properties of MBBA have been a great help to
understand these complex features of the dynamics.

The transient grating method is a time-resolved version of
the general four wave mixing technique.'” [n our work. two
identical nanosecond laser pulses of 355 nm are overlapped
at the sample to generate the transient grating interference
pattern and the dvnamics of the grating are probed by the
diffraction of a cw He-Ne laser (633 nm). The fringe spacing
of the interference pattern A is given by the Bragg condition.

Ay
' (1)

2sin(8/2)
where A, is the wavelength of the excitation light. and 8 is
the beam crossing angle. The dynamics of the build-up and
decay of the interference pattern provide the information on
the involved physical and chemical processes.

Experimental Section

The details of our transient grating setup are found else-
where.'"'>!% Here we present Figure 1 that shows the direc-
tions of the optical fields and the sample alignment. We
prepared planar homogeneously aligned MBBA (Tokyo
Kasei. used as received) sandwiched between a pair of
glasses spaced by a 170 gm thick Teflon sheet. The align-
ment is achieved by mbbing the glasses unidirectionally.
The sample is then placed. with the preferential director axis
along z-axis in Figure 1. inside a metal block that is temper-
ature controlled within +0.1 “C. For the grating excitation
(along x-axis). two replica pulses of 355 nm from a Q-
switched Nd : YAG laser are recombined at the sample. The
overlap beam diameter is 3.8 mm and the irradiance of the
excitation is about 10 mJ/cm-. The cw probe beam from a 2
mW He-Ne laser is then introduced at the Bragg angle. The
electric field of the excitation laser pulses has the polariza-
tion parallel to the director axis of the aligned sample and
that of the prabe is switchable between the parallel and the
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Figure 1. Directions of excitation fields (E..), probe field (Fy.).
sample alignment, multiple diffractions of our experiment. The
numbers represent the orders of the diffractions

perpendicular polarizations. The first order diffraction at all
temperatures and the higher order diffractions at high nem-
atic temperatures are observed by the naked eve. Each order
diffraction beam is spatially separated and directed by a mir-
ror into a PMT. Combinations of calibrated neutral density
filters are used to scale their relative intensities. The PMT
signal of the transient diffraction is recorded with a transient
digitizer and averaged mathematically for 100 laser shots at
the repetition rate of 1 Hz. The background signal is also
obtained by blocking one of the excitation pulses, and then
subtracted from the transient signal.

Results and Discussion

A, Summary of the previous work.'” Figure 2 shows the
tvpical decayv pattern of the first order diffraction signals
from the nematic MBBA film. Since the full analysis of the
first order diffraction signals is given in the previous paper.'”
a summary of the important results are presented here. The
diffraction signal is generally described by the squared sum
of the following exponential functions;

HO=IX,(1) Xa(D) 1 X2 1 V(0 (2a)
Ny dvexp(—/1,) (2b)
Xa(ny=L:[1 1 exp(—t/ T, Y exp{(-1/T;) (2¢)
V() Al +exp(—1/ T} exp(—1/ 7,  (2d)
Xi(ny=tyexp(-t/ 1, (2¢)

Here each 1" component represents the following physical
origins in the order of increasing time scale; the thermal dif-
fusion, the temperature-induced reordering. the phototrans-
former-induced reordering. and the mass diffusion. The best
fit parameters with the above equations at the nematic tem-
peratures are tabulated in reference 12.

The decay time constants of the first and the fourth com-
ponents are proportional to the square of the fringe spacing:
that is. their dynamics are diffusional and the corresponding
diffusion coefficients can be determined from the fringe
spacing dependence of the decav times. The thermal diffu-
sion coefficient of MBBA is confirmed from the dvnamics
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Figure 2. Typical first order diffraction signal of the nematic
MBBA at 41 °C in different time scales. The probe polarization of
these signals is parallel with the sample aligiment and the fringe
spacing is 8.0 pm. Tn the microsecond time scale (a), the
instantaneous jump of the first component followed bv an
exponential decay and the nse ol the second component are
observed. In the millisecond time scale (b), the second component
appears as an early spike, and the rise-and-decay of the third
component is dominant. The fowth component is contained in the
tailing.

of the first component. And the diffusion coefficient from
the fourth component is confirmed as the mass diffusion of
the nematic MBBA. The thermal grating is initially formed
within several micrometers of the sample from the front
glass since the excitation wavelength is in the strong absorp-
tion.'* Under this excitation condition. a large thermal gradi-
ent along y-axis is initially produced. However, a very fast
(ca. 100 ns) heat dissipation into the front glass proceeds as
the thermal conductivity of glass is greater by several orders
of magnitude than that of MBBA. As a result. a normal ther-
mal diffusion along the grating wave vector that can be
described by the exponential decay law follows after 1 us.
The thermal diffusion part shows a nearly complete anisotro-
pic dependence on the probe polarization at the nematic tem-
peratures.

The order parameter of the nematic phase is a function of
temperature, and the refractive index changes as the order
parameter changes with temperature. The second compo-
nent, \’ results from the fluctuation of the order parameter
induced by the temperature change. The rise-and-decay of
the third component \; becomes slower with the tempera-
ture rise and dominates near the nematic-isotropic phase
transition temperature. Pinkevich er a/.!” showed theoreti-
callv that the large optical nonlinearity near the transition
temperature can be produced from phototransformed states.
The third component is considered to come from the fluctua-
tion of the order parameter induced by the phototransformed
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Figure 3. The multiple order diflraction signals, The [Tinge spacing
is 7.8 m and (he excitation laser power is the same as for signal ol
Figure 2. The numbers represent the orders of the dittraction and
the numbers m the parentheses represent the relative mtensity
scales 1o the first order diffraction signal.

state. The diffraction signal dependence on the excitation
laser power suggests strongly that the phototransformed
state from the nematic MBBA responsible for the third com-
ponent is a melted state rather than a photoisomer.

B. Grating theories for multiple order diffractions. Fig-
ure 3 illustrates the multiple order diffraction signals. There
appears a small spike in the very early part of the second
order diffraction signals at 37 and 39 *C. We believe that this
feature is related to the evolution of the grating shape due to
the second component of the first order diffraction. the tem-
perature-induced reordering. because its submillisecond time
scale corresponds to that of the 1% of Eq. (2). This spike fea-
ture is absent in the third order diffraction signals at 37 and
39 °C and in any higher order diffractions at higher tempera-
tures than 40 °C. Overall. the higher order diffractions show
stronger featres in the milliseconds than in the submillisec-
onds. Therefore. the reordering process due to the pho-
totransformed state. .\ of Eq. (2). is the most responsible for
the high order diffractions. More details of the phototrans-
formed state. or the locally melted state. are discussed later.

The phase grating theories’*=" predict that multiple dif-
fractions can be observed either when the grating thickness
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is in the thin limit or when the grating is nonsinusoidal along
the wave vector. The refractive index modulation for the
nonsinusoidal grating shape. A, can be expressed by a sum
of the fourier components of the multiple order harmonics.
That is.

An=38n,cos(qx) 1 dn.cos{2gx 1 @) Ga)
I Snycos(3gx 1 ¢y)

where dn's are the refractive index differences of the peak
and the mull of the corresponding harmonic gratings:
1 = n(peak)— n(null), g is the wave vector of the fundamen-
tal grating: ¢ =2x/ A, and ¢'s are the phase differences
between the first order grating and the corresponding higher
order grating. Since the initial excitation depth of our experi-
ment is similar with the fringe spacing of the grating. the
applicability of the thin grating limit should first be specu-
lated. In the thin phase grating limit. the multiple diffractions
can be produced even from the sinusoidal grating (i.e.
&= y=--=0). In this case. the intensity of the m-th
order diffraction /,, is proportional to the square of m-th
order Bessel function of the first kind.'¥ That is

1, o Sy m=%], £2, 43, - "

where 24 is the argument of the Bessel function ./,, and is
proportional to the grating modulation &r;. As the refractive
index modulation is expected to be sufficiently small (less
than 10 %), each order Bessel function is nearly linear with
the argnment. So the intensity of the m-th order diffraction is
approximately proportional to ¢ ,,&m~. where the proportion-
ality constant ¢, can be approximated to the square of
Bessel function maximum and they are 0.388. 0.236. 0.188,
form = 1. 2. 3. respectively.

When the thin phase grating is nonsinusoidal. the theoreti-
cal formulation is not straightforward as each order diffrac-
tion is composed of contributions of waves from other order
harmonic gratings. which interfere constructively or destruc-
tively. However. when the higher order grating components,
2. Ona. etc, are much smaller than 8m. the contribution
from the first order grating dominates all interfering contri-
butions from the higher order gratings. This is not the situa-
tion reflected in our experimental data (Figure 3). where the
first order diffraction is much stronger than the higher order
ones and time behaviors of all diffractions are significantly
different from one another. Large values of the higher order
grating components and resultantly strong interferences by
them might be assumed to explain Figure 3. However, this
assumption cannot explain why the first order diffraction can
be described well by a sum of exponential functions.

The above speculations deny the thin phase grating limit
since each multiple diffraction in our signals is not likely to
couple with one another. This condition can be achieved
under the Bragg condition that is important as the grating
thickness becomes intermediate or thick limit."*-* Under the
Bragg condition. only the m-th order harmonic grating con-
tributes to the m-th order diffraction.”! When the modulation
depth is small. the intensity of the m-th order diffraction is
approximately proportional’s™1%s to siny, or &n,-. There-
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fore. we can deduce relative values of |dm,| from the mea-
sured intensities of each order diffractions.

The application of the Bragg condition when the excita-
tion depth is similar with the fringe spacing of the grating
might seem inappropriate. However. the thin grating forms
only during times earlier than a few microsecond as the heat
dissipation into the front glass is that fast. while major tran-
sient dvnamics in Figure 3 takes place in millisecond
regimme. The initial thin thermal grating triggers the reorder-
ing processes which are much slower and take place over the
whole sample thickness. providing the condition under
which the Bragg condition is applicable.

C. Simulations, If the grating shape is purely sinusoidal.
only the first order diffraction is generated under the Bragg
condition.'™'¥ The observation of the higher order diffrac-
tions implies that the laser-induced grating is out of the sinu-
soidal shape. The time-varving refractive index modulation
function. An(x, 1) can be expressed following Eq. (3a) as

An(x.t)=68n (N [cos(gx) 1]
cO0ns(N[cos(2gx - @)1 1]
~Ona(Acos(3gx - ¢;) 1 1] (3b)
—...— terms independent of x
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Figure 4. The time evolution of |&k,,,|'s determined from the data off

Figure 3. The earlv spikes due to the second component were
removed in the data treatment.
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In the followings. we will consider the gratings only up to
the third order, as the ignorance of the fourth and higher
orders results in an error less than 1%. Since the signal inten-
sity of each order diffraction is proportional to the square of
the corresponding ... we can determine the absolute values
of &my,’s from the diffraction signals shown in Figure 3. The
time evolutions of |&z,|’s are shown in Figure 4. The early
spikes by the second component are removed in the experi-
mental data treatment. [n order to determine the modulated
refractive index of the medium. An. the signs of the dn,'s
and the relative phases ¢, s should be known. The higher
order gratings must be in phase or out of phase with respect
to the first order grating since each order grating must con-
serve symmetry: that is. the relative phase is either O or 7.
There are 32 cases of the different &u,,'s and ¢,’s when the
gratings up to the third order are considered. However, some
cases give the same grating shapes with constant refractive
index shifts. For example. the second order grating with the
positive refractive index change - and the phase ¢- = 0 has
the same shape as the grating with the negative dn: and
¢- = m. These gratings have the constant difference of 2dn-.
The constant difference of the modulated refractive index.
which is included in the "terms independent of x" in Eq.
(3b). does not contribute to the diffraction of the signal. The
second and the third order gratings give two different grating
shapes. respectively. Therefore. 8 cases should be consid-
ered as the possible grating shapes.

The anisotropy of the nematic phase shows two refractive
indices, the ordinary (,) and the extraordinary (7.) ones.
depending on the relative geometry of the molecular align-
ment and the polarization of the incident light. The #, is
involved in our experimental geometry'™~" and the ., of
nematic MBBA decreases with the temperature rise in the
nematic phase as does the refractive index of the isotropic
phase.'* Therefore. overall change of the refractive index
during the dvnamics should be negative when the tempera-
ture rises and/or the melted state is formed. The initial
refractive index of the bright peak part of the grating should
be smaller than that of the dark null part. that is. An(gx = 0) <
An(gx = 7). Since the absolute values of initial ds,’s are in
the order of |&| > |8ia| > || as shown in Figure 4. the
cases with the negative dn| can be considered for the possi-
ble grating profile.

We simulate the following four cases with Eq. (3b) and the
&n,,’s shown in Figure 4 to investigate the evolution of the
grating shape. The constant "terms independent of x" are not
considered.

Casc A. (D <0.5->0. ¢ =03 > 0. =0,
Casc B. dn(N<0.8n1->0.¢-=0.5:>0. ¢ =17
Casc C. (N <0.8n->0.¢-= 1 S > 0. =0,
Casc D, 5/?1(() <0 &> 0, ¢ =7 o> 0, =7

When the positive quantities are used for dn,,’s. the fol-
lowing expressions are obtained for above cases.

Casc A. An(x. 1) = — dn(V[cos(gx) + 1] + F(0)[cosqx) +
11+ dns(nfcosGgx) + 1]
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Figure 3. The simulated grating shapes for cases A, B, C and D at 37, 39 and 41 °C.

Case B. An(x. 1) = — dm(t)|cos(gx) + 1| + dna(t)|cos(24x)
+ 1] + Sn(n)]—cos(3gx) + 1]

Casc C. An(x. £y = — dn(D[cos(gx) + [] + ()] —cos(2gx)
+ 11+ dna(nlcos(3gx) + 1]

Casc D. An(x. 1y = — dmiD[cos(qx) + 11+ d()[—cos(2qx)
+ 11+ dns(D[—cos(3gx) + 1]

The simulation results are shown in Figure 3. The center
of the diagram. ¢x = 7 corresponds to the null of the grating.
and the edges (¢x = 0 and 27) correspond to the peak of the
grating. Since the "terms independent of x" of Eq. (3b)
change with time but work as a constant off-set in the refrac-
tive index modulation. the simulated results are adjusted
with the constant to be zero at the grating null. The dotted
line represents the refractive index at 1 =0 ms and reflects
the noise of the data. While the displaved ordinate range is
slightly different in each diagram. the same amount of inter-
val is covered in the diagrams of each temperature. Refer the
delay times to the dynamic change of the refractive index in
Figure 4.

Each case of Figure 5 reveals the main spatial position
which canses the deviation of the grating shape from the
sinusoid. In case A. the deviation makes the refractive index
at the peak change less than that between the peak and the
mull. In case B. the refractive index of the peak changes
faster than that of the null. The intial shape around the null is
kept longer. In case C. the refractive index of the position
between the peak and the null changes faster than that of the
null. The refractive index of the null becomes smaller than
around during the dynamics. In case D. the refractive index

around the null changes faster than that of the peak to reach
the equilibrium. The overall grating shape change indicates
the faster modulation of the refractive index occurs around
the null rather than around the peak. It should be noted that
the "terms independent of x" of Eq. (3b) are not considered
here, that is, the refractive index change of Figure 5 is not
the absolute change but the relative difference between the
peak and the null.

Since the refractive index of MBBA changes linearly with
temperature in the nematic and the isotropic phases as men-
tioned previously. the refractive index profile can be
regarded as the temperature profile of the sample. Therefore.
in cases A and C. the temperature does not evolve smoothly
between the null and the peak: that is. there is a bump in the
temperature profile. This kind of temperature profile is not
physically acceptable. In case B. the temperature changes
faster at the null at the peak than at the null while the temper-
ature changes faster at the null in case D. When it is consid-
ered that the sample is sandwiched between glass plates
whose thermal conductivity is much greater than that of
MBBA. it is reasonable that the temperature changes faster
at the peak position with the greater temperature gradient.
That is. case B. where &m (1) <0, dnx > 0. ¢ = 0. Sy > 0. ¢
= & is regarded as the phyvsically acceptable temperature
profile. Of course. the following cases give the same results
ascase B. dm(f) <0. <0, ¢-=m ;> 0. sy = 2 S (1)
<0. 81> 0. =0, &1:<0. ¢5=0: I (1) <0. I <0. o= 7,
&1:<0. ¢3= 0. However, it is not possible to choose one case
as correct because the absolute refractive index including
"the terms independent of the position” can not be deter-
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mined from the diffraction signals.

D. Nature of the melted state. The slower dynamics at
higher nmematic temperatures can be understood with the
phase transition of the sample. which is closely related to the
phototransformed state. or the locally melted state. As men-
tioned in the introduction section. the isotropic phase of the
liquid crystalline materials is different from the conventional
isotropic liquid because of the pseudonematic domains
which are maintained up to the temperatures well above the
nematic-isotropic transition temperature, Ty, The correla-
tion length of the pseudonematic domain & is given by -

E=ETHT-TH= &)

where &, is on the order of the molecular dimension and T' is
a temperature slightly below Tx ). At the nematic phase, T <
Txi. the correlation length becomes infinite. The pseudone-
matic domain is regarded as being maintained np to the tem-
perature where & = 3&,. For MBBA. T" is found to be 46.4
°C and the pseudonematic domain is maintained up to 82
°C.* The psendonematic domains introduced into the sample
by laser-induced local melting give a great effect on the dif-
fraction signals via the order parameter fluctuation - disor-
der-reorder process.

For the nematic liquid crystals. the refractive index change
due to the thermal fluctuation. A»™ can be given by three
terms as™

A" = Gnr + Onp + s (6)

where each term corresponds to the pure temperature contri-
bution (dny). the density fluctuation (8rp). and the order
parameter fluctuation (dns). [n the above equation, the pure
temperature fluctuation term can be neglected. The density
fluctuation moving at the speed of sound should be resolved
in the time scale of nanosecond. The fluctuation of the order
parameter gives a large effect on the signal of the millisec-
ond time scale. The local order parameter does not vanish
even after the transition from the nematic phase to the isotro-
pic phase as long as the temperature jump is not greater than
40 degrees. The exact estimation of the laser-induced tem-
perature jump under our experimental conditions is a quite
difficult task with the complex heat conduction by the glass
wall and the strong absorption condition. However. the tem-
perature jump is estimated to be much less than 40 degree.!”
Even though the temperature jump is greater than 40 degree,
the following discussion would not be affected much. The
dynamic change into the region where the psendonematic
domain vanishes would occur at the time scale of millisec-
ond.

The slower dynamics at 41 *C than at lower temperatures
indicates that the phase transition into the isotropic phase
occurs and the order parameter fluctuation by the pseudone-
matic domains undergoes at the sample of 41 *C. The disor-
der-reorder process involved in the phase transition is slower
than the disorder-reorder process in the nematic phase. The
sample at 39 °C seems to be at the border of reaching the
phase transition by the laser-induced temperanire jump. as is
consistent with the previous estimations.'= It should be noted
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that the thermal effect of the refractive index discussed
above can be induced by the local fluctuation and that the
temperature dependence of the multiple order diffractions
may be interpreted as the scale difference of the produced
pseudonematic domains.

Conclusions

We used the laser-induced transient grating method to sep-
arate dynamically the physical origins of the optical nonlin-
earity of a liquid crystal. When this method is applied to the
nematic MBBA under the strong absorption condition, the
four distinguishable physical origins are found in the time
range of microseconds to milliseconds; the thermal diffu-
sion. the reordering induced by the temperature perturbation,
the reordering induced by the phototransformed state. and
the mass diffusion of the photoisomer. While the full analy-
sis is found in our previous paper.'” we presented the addi-
tional higher order diffraction experiments to study the
nature of the phototransformed state. which gives the domu-
nant feature for the extraordinarily high optical nonlinearity.,
The possible grating shapes are reproduced from the intensi-
ties of the multiple order diffractions and the physically
acceptable grating shape is discussed. The pseudonematic
domain. which gives the non-vanishing local order parame-
ter for the isotropic phase. is responsible for the phototrans-
formed state to reveal the reordering dynamics in the time
scale of millisecond.
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