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We present time-resolved measurements of photoinduced birefringence in liquid crystalline polyes
films. After excitation with a single nanosecond pulse, the induced birefringence is monitored on tim
scales ranging from nanoseconds up to minutes. The maximum birefringence is attained in a d
reaction after excitation. Subsequently, most of the induced birefringence is lost due to relaxat
processes involving up to four different time constants. We observed that at high pulse energies
relaxation characteristics are strongly influenced by thermal effects. [S0031-9007(98)08018-1]

PACS numbers: 42.70.Df, 42.70.Ln, 61.30.Gd
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Side-chain liquid crystalline polymers have receiv
increasing attention during the last decade due to t
interesting properties and their possible applications,
pecially in the field of optoelectronics and optical da
storage [1–3]. In these materials, permanent biref
gence can be both induced and erased optically. Altho
there have been many attempts to understand the un
lying processes, no conclusive model has been prop
yet. It is supposed that the optical anisotropy is due
the statistical reorientation of the azo dye fragments p
pendicular to the incident light with aggregate formati
possibly being involved too [4]. The general process
lies on optical inducedtrans-cis isomerization followed
by thermal relaxation, giving the molecules the freed
of angular reorientation. The chromophores undergo s
eral isomerization cycles, randomly changing their ori
tation. When their dipole moments become perpendic
to the polarization of the exciting light, the interactio
with the light field ceases. In order to describe the ti
dependence of photoinduced birefringence and its rel
tion, rate equations were proposed which take into
count the relaxation ofcis isomers, the orientationa
relaxation of the azo dye system, and the ordering t
of the main-chain system [5,6].

Apart from investigations of the electronic properti
on the fs time scale [7], most experiments have b
performed with cw irradiation. The purpose of th
paper is to demonstrate the advantages of ns-pulse
citation for the observation of molecular processes
time scales from minutes down to nanoseconds.
use of a single short pulse allows the observation
all kinds of dark reactions after the pump pulse. F
thermore, we believe that the dynamics after pul
excitation can be quite different from those induc
by a cw source, since apart from high peak inten
0031-9007y98y81(25)y5548(4)$15.00
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ties short pulses provide the possibility of fast therm
heating [8].

The experimental setup is shown in Fig. 1. A Nd:YA
laser pumped Optical Parametric Oscillator (Spec
Physics MOPO 710; 4 ns, 10 Hz, 420–1600 nm) ser
as the pump source atlpump ­ 485 nm, close to the
absorption edge of the polyester [9]. A shutter is us
to extract a single pulse. The sample is placed betw
crossed polarizers and continuously probed by a 5 m
Helium-Neon laser atlprobe ­ 632.8 nm. To achieve
both high time resolution and high sensitivity at the sa
time, our detectors are built up with amplified avalanc
photodiodes (EG&G C30921E). In combination with
fast sampling oscilloscope (Tektronix TDS 620B), tim
resolution of 1 ns is achieved. To improve the be
profile of the pump laser, we use a homogenization u
consisting of a beam expander, two crossed arrays
7 3 7 cylindrical lenses, and a collecting lens [10]. Th
beam profile at the surface of the sample has a rectang
shape (2 mm 3 2 mm), and only the inner homogeneou

FIG. 1. Schematic diagram of the experimental setup w
analyzer (A), polarizers (P), mirrors (M), detectors (D1, D
homogenization unit (HU), half-wave plate (HP), and shut
(S). Details are explained in the text.
© 1998 The American Physical Society



VOLUME 81, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 21 DECEMBER1998

tio
a

hi

an

y
st
id
ia
2]
o
l
ti

d
l
p
n

h
n
o
t

s
h

y

m

n

m
p
e

p
n
ig
im
i

ie
n

n
th
m

e)

tial

ark
g a
ost
xa-

l is
ith

not

rize
est
tch
r of

use
d
g
At

to
er

he
er

ch
re,

p
ue
ate
ow
and
part is sampled by the probe beam. The linear polariza
of the pump beam can be controlled by a half-wave pl
and is adjusted to be at 45± relative to the probe beam.

All measurements have been performed on t
spin-coated films of polysss2-fff8-[4-[(4-cyanophenyl)azo]-
phenoxy]-octylggg-1,3-propylenetetradecanedioateddd (P8a12)
with a thicknessd of about1.8 mm at room temperature
(293 K). A detailed description of the materials c
be found in Hvilstedet al. [11]. The molecular mass
characteristics with a weight averageMw of 63 000
and a number averageMn of 35 000 as determined b
size exclusion chromatography renders the polye
excellent mechanical and film properties. The liqu
crystalline polyester P8a12 is a polymorphic mater
showing up to four different organized structures [1
The morphology strongly depends on the thermal hist
of the sample. By rapid cooling from the isotropic me
two nematic mesophases can be formed. Differen
scanning calorimetry shows that these mesophases
metastable up to transition temperatures of 308–313
and 319–327 K, respectively. Prolonged annealing
311 or 331 K yields two different crystalline (or ordere
smectic) phases. Only the latter is thermodynamica
stable and can be directly transformed into the isotro
melt at 343 K. All the other structures are metastable a
can be obtained only under nonequilibrium conditions.

Before the experiments, our sample was heated for
an hour at 350 K, which is well above the melting poi
at Tc ­ 343 K, and then rapidly cooled down in order t
achieve an isotropic distribution of the molecules and
avoid aggregation. Withn' andnk being the component
of the index of refraction perpendicular and parallel to t
pump polarization, the induced birefringenceDn ­ n' 2

nk can be calculated from the measured light intensitI
at the detector D2 from

Dn ­
lprobe

pd
arcsin

q
IyI0 , (1)

where I0 denotes the total intensity of the probe bea
before the analyzer andd is the film thickness.

We performed single pulse experiments at fluences ra
ing between 12 and95 mJycm2. The upper limit is deter-
mined by the single pulse ablation threshold of the fil
the lower by the detection limit of the experimental setu
In order to monitor all excitation and relaxation process
covering 12 orders of magnitude from nanoseconds u
minutes, it was necessary to repeat each measureme
times at different sampling rates of the oscilloscope. F
ure 2 is an example of such a measurement with a t
resolution of 0.4 ns, showing the induced birefringence
relation to the pump pulse. Assuming similar propert
of pulse and sample, the overall time dependence ca
gained by the superposition of the individual data sets
shown in Fig. 3 on a logarithmic time scale for differe
pump fluences. A detailed look at Fig. 2 reveals that
value of birefringence strongly increases during the pu
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FIG. 2. Dynamics of photoinduced birefringence (dotted lin
after single pulse excitation at32 mJycm2 in relation to the
pump pulse (dashed line). The solid line is a multiexponen
fit to the experimental data.

pulse. However, the maximum value is reached in a d
reaction several microseconds after the pulse involvin
fast and a slow exponential increase. After that, m
of the induced birefringence decreases via several rela
tion processes until a relatively small permanent leve
reached. We found that the data could be best fitted w
a multiexponential model given by

Dn ­ a0 1

NX
i­1

ai s1 2 expf2tytigd , (2)

disregarding the first 5 ns where the pulse itself can
be neglected. Positive values of the amplitudeai mean
an increase in birefringence, negative values characte
relaxation processes. We strictly stick to the small
possible number of time constants yielding a good ma
between data and theory; a spacing of at least 1 orde
magnitude between individual relaxation constantsti is
achieved.

The fitted parameters are presented in Table I. Beca
of variations in film thickness, film homogeneity, an
pump energy, the reproducibility is quite low leadin
to an error of about 30% in all absolute values.
low fluences up to38 mJycm2, two time constants for
increase and four for the relaxation are necessary
describe the experimental data as shown in the low
part of Fig. 3. At higher pump fluences, however, t
relaxation characteristic is changed significantly (upp
part of Fig. 3). The maximum value is reached mu
faster involving only one time constant, and furthermo
most of the relaxation is completed within1 ms, leaving
only a small permanent value.

The induced birefringence as a function of the pum
fluence is summarized in Fig. 4. The maximum val
reached in the dark reaction as well as the immedi
response within the pump pulse increase slightly at l
fluences, but show a pronounced step between 38
5549
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FIG. 3. Overall time dependence of the photoinduced b
fringence (dotted line) on a logarithmic time scale for differe
fluences given on the right in mJycm2. Solid lines give a mul-
tiexponential fit to the data according to Eq. (2) with the p
rameters listed in Table I. The arrows mark the position of
fitted time constants, each corresponding to a stepwise incr
or decrease of birefringence.

56 mJycm2 that corresponds to the change in relax
tion characteristics described above. The permanent
value, on the other hand, shows a completely differ
behavior and reaches its maximum at around that thres
fluence. In general, the final value is about 1 order
magnitude smaller than the maximum value and 2 ord
brevia-

-8
TABLE I. Fit parameters retrieved from the multiexponential fit of the data presented in Fig. 3. Note that 1.1-8 is an ab
tion for 1.1 3 1028, and all amplitudesai have to be multiplied by1023.

FluencefmJycm2g
23 32 38 53 68 95

i ai ti ai ti ai ti ai ti ai ti ai ti

0 3.4 4.8 4.5 17.5 15.9 19.9
1 1.2 1.1-8 5.4 1.5-8 5.0 9.1-9 9.4 2.0-8 9.1 1.1-8 4.6 1.0
2 0.8 2.3-6 2.1 4.7-7 2.7 9.3-8 222.7 6.7-7 223.8 3.3-7 223.5 1.0-7
3 21.3 2.5-4 21.8 1.0-4 22.7 3.2-6 0.7 1.7-4
4 21.1 4.4-3 24.0 1.3-3 23.2 1.0-3
5 20.8 2.5-1 22.6 7.7-2 21.2 2.0-1 21.1 8.3-2
6 21.4 59 22.7 66 22.5 57 21.0 54
5550
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of magnitude smaller than the saturation level achieva
in cw or multipulse exposure.

In order to explain the different behavior at low a
high fluences, we have to take into account thermal eff
that are induced by the pump pulse. As the mesog
film becomes transparent after single pulse excitation
high fluences, we believe that the temperature of the
exceeds a threshold causing a transition to a glass
amorphous phase. It is well known [8,13] that thin o
ganic films can be heated to several hundred Kelvin
the high peak intensity of a nanosecond pulse, whic
about10 MWycm2 in our experiments. Therefore we a
sume that for high fluences above38 mJycm2, the poly-
mer film remains in an isotropic, maybe metastable ph
for a short period of time, before the thermal energy
posited in the film is conducted into the substrate. In
dition, the mobility of the molecules strongly depends
temperature, though thermal effects should be consid
even at lower pulse energies in contrast to cw invest
tions. In Ref. [13], possible interactions of the light pul
and a polymeric medium are discussed such as absor
of light in activated stages, rapid radiative and nonrad
tive decay processes, internal conversion of light to h
and intrinsically slower processes such as thermally
duced melting and flow.

During the pulse, molecules with their azo groups lyi
parallel to the pump polarization are both electronica
and vibrationally excited, leading to an anisotropic orie
tation distribution of the ground statetransmolecules and
an instantaneous increase of birefringence. In the foll
ing, the statistical reorientation of the excited molecules
well as aggregate formation or main-chain ordering m
cause a further increase (dark reaction). The higher
fluence and thus the increase in temperature, the hi
is the mobility of the system. This is confirmed by bo
the increase of the maximum birefringence reached in
dark reaction and the decrease of the time constan
Table I for increasing fluences. However, a high mob
ity supports also the relaxation of aligned molecules
sulting in a rapid growth of disorder in the system a
the lack of permanent birefringence. As a conseque
medium intensities heating the sample close to the ph
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FIG. 4. Induced birefringenceDn for various fluences. Dia
monds show the permanent values after relaxation, open ci
the immediate response during the pulse, and crosses deno
maximum value reached during dark reaction.

transition as described above are best for both indu
and preserving birefringence. This corresponds with
results obtained in cw exposure which also showed th
maximum value of permanent birefringence can only
reached close to the glass transition [14].

To investigate the physical meaning of the vario
relaxation time constants, we performed measurem
with a sample heated over the melting pointTc and a solu-
tion of the polymer in toluene. Both experiments show
no detectable change in birefringence over the entire t
scale. The mobility of the molecules seems to be
high that any anisotropic intensity distribution is disturb
instantaneously. To check the influences of the liq
crystalline mesophases present in P8a12, we perfor
measurements with a polyester, P6aP, where the s
azobenzene moiety is linked through a hexamethyl
spacer to the main chain in which the tetradecanedi
is replaced by the aromatic phthalate. This polyeste
amorphous with aTg at 316 K. We found nearly the sam
relaxation characteristics, leading to the conclusion that
mesophases do not influence the process strongly. Th
fore vibronic relaxation processes or the decay of long
ing triplet states may be responsible for the complex na
of the decay of birefringence.

Even though we cannot assign a detailed phys
process to any of the time constants at the moment,
experiments presented here give important informa
about the dynamics of photoinduced birefringence us
pulsed pump sources. We monitored for the first time
les
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relaxation behavior of the induced birefringence which
veals a number of time constants depending on the p
energy. Major consequences of our investigations
that in contrast to cw exposure, thermal effects origin
ing from the pump pulse cannot be neglected, and
a permanent value of birefringence can be best indu
at medium pump energies causing moderate heatin
the sample. Furthermore, the fact that permanent bire
gence can be induced by a single nanosecond pulse m
be important for applications in optical data storage.
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