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Using a combination of two-probe-beam phase modulated polarimetry and a waveform extraction tech-
nique, we show it is possible to determine all the optical parameters of an anisotropic medium. Particu-
larly, we have measured the dynamic changes of refractive index ellipsoid of the disperse red 19-doped
poly(methyl methacrylate) under the irradiation of linear polarized lights. The long axis of the trans mol-
ecule can be aligned to the propagation direction of P-polarized light while it is irritated by two crossed
polarized lights. The refractive indices and orientation angles can be determined in one cycle of modula-
tion (20 ls) with sufficient precision of 10�6 and 0.1�, respectively. This work shows a new way to simul-
taneously monitor and control the photo-alignment process of azobenzene molecules in a polymer
matrix.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The photo-isomerization of azobenzene moiety can produce
various types of molecular motions in their surroundings. There-
fore, over the past decades, azobenzene-containing materials have
attracted considerable attention in both scientific research areas
and engineering applications. The molecular-scale photo-
isomerization process can give rise to macroscopic photo-mechan-
ical motions in the material systems, which recently are of great
interest for the application in nanotechnology and light-driven bio-
molecular actuation [1–4]. In addition to acting as an efficient
photo-switch [5–8], the photo-alignment of azobenzene deriva-
tives with polarized light has been actively studied for various
photonic applications, such as holography, nonlinear optics, and
polarization sensitive optical elements [9–13]. For such applica-
tions, it is necessary to monitor the dynamic changes for the
precise control; these photo control and measurement techniques
can optimize both fabrication and performance of devices.

It is well known in azobenzene photo-chemistry that the
azobenzene derivatives are usually in the rod shaped structure;
these molecules will undergo the cycle of trans ? cis ? trans
photo-isomerization when irradiated by the polarized light and
then subsequently change their orientation [14]. The energy ab-
sorbed by azo-dye molecules for isomerization is proportion to
the intensity and the cosine square of the angle between the
ll rights reserved.
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transition dipole moment and the electric field direction of the
exciting light. This mechanism is known as angular hole burning
(AHB) [15,16]. In the azo-dye material systems, not only the
photo-isomerization process, the vibration [17] and dipole–dipole
interaction between the molecules [18,19] are also important. Un-
der room temperature, the vibration and dipole–dipole interaction
mechanisms can be neglected for a sample doped with low concen-
tration of chromophores and exposed to a low power visible light.
So, we only consider the photo-isomerization process in this work.
Upon linear polarized irradiation, the photo-isomerization reaction
cycle will continue until the dipole moment of the azobenzene
molecule (which is usually along to the long axis of trans form)
is perpendicularly aligned to the polarization direction of the
inducing beam, as shown in Fig. 1. Thus, during photo-irradiation,
the direction distribution of azo-dye molecules will gradually be
transformed from randomness to a partially orderly fashion and
then azo-dye-doped materials become optically anisotropic med-
ium. Obviously, by introducing additional polarized beams to pro-
vide extra constrains, we can increase the population of ordered
molecules to improve the performance of devices. Here, we con-
duct a four-irradiation-stage optical experiment by using two
mutually incoherent orthogonally-polarized laser beams to
irradiate the Dispersed-Red 19 azobenzene molecules doped
poly(methyl methacrylate) (DR19-doped PMMA) polymer.
Through this four-irradiation-stage process, we can clearly observe
the stepwise increment in its birefringence.

To monitor the dynamics of photo-alignment of azo-dye mole-
cules, it will be very powerful if one not only can measure the
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Fig. 1. Schematic of photo-isomerization process of DR19 under photo-irradiation
by linear polarized light. After the dynamic equilibrium has been reached, the long
axis of trans isomer is perpendicularly aligned to the polarization direction (~E) of
the inducing beam, i.e. in the k–Z plane.

Fig. 2. Schematic setup of a two-probe-beam phase modulated polarimetry for
probing the photo-induced processes. The probe system uses a HeNe laser
(632.8 nm), and consists of a polarizer (P3), a photoelastic modulator (PEM), a
beam splitter (BS), a mirror (M), two analyzers (A) and two photo diode detectors
(D). There are also two inducing beams using lasers of orthogonal polarization
states (P and S) at k = 532 nm. P1 and P2 denote polarizers, and MS denotes
mechanical shutter. The lower part is the Euler angles (g, u, n) between the
propagation axes (X, Y, Z) and material axes (PA1, PA2, PA3) by X–Z–X extrinsic
rotations.
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change of birefringence but also can determine the three principal
refractive indices and orientations of the optical axis (hereafter,
named as optical parameters, Ops) under photo-induced process.
To our knowledge, this is the first study of measuring the dynamic
process of the refractive index ellipsoid. Furthermore, we showed
that the direction of azo-dye molecules can be optically controlled
from a plane to a line distribution. In this work, we propose to con-
duct a two-probe-beam phase modulated polarimetry to monitor
all above mentioned Ops of material during irradiation by a novel
waveform extraction technique. In previous study [20] of the one-
probe-beam phase modulated polarimetry, we have applied lockin
amplifier option in the data acquisition (DAQ) system and resolved
the magnitude of birefringence (Dn) better than 10�6 for a thick
medium. For the two-probe-beam system, instead of using the
option of lockin amplifier in DAQ, we record the digitized oscillo-
scopic waveforms of temporal transmitted intensity for both
Fourier and waveform extraction methods. In addition to extract-
ing the Ops by fitting the theoretical waveform to the measured
waveform, which is named as waveform extraction technique in
this article, we also use the conventional Fourier transformation
of the recorded waveform to decouple the thickness from the
Ops. By combining both techniques, we can rapidly and simulta-
neously determine all the Ops.

2. Fundamentals for determining the optical parameters

Recently [20], we have obtained the photo-induced phase retar-
dation and the azimuth angle of optical axis (OA) by a one-
probe-beam phase modulated polarimetry. In the laboratory coor-
dinate system, we like to understand the relative motion of the
refractive index ellipsoid of azo-dye-doped polymer while it is un-
der irradiation. So, we establish a two-probe-beam configuration,
as in Fig. 2, to measure the irradiated DR19-doped PMMA block.
According to the definition of Euler angles in mathematics, the lab-
oratory coordinates X, Y, and Z, are used to describe the propaga-
tion of light and the reference of three principal axes PA1, PA2,
and PA3, where the X–Y plane is defined as the incident plane, as
shown in the lower part of Fig. 2. A biaxial medium is comprised
by three principal refractive indices, n1, n2, and n3 at three corre-
sponding orthogonal axes PA1, PA2, and PA3. The three Euler angles
g, u and n are defined as the relation between (PA1, PA2, PA3) and
(X, Y, Z) by X–Z–X extrinsic rotations [21]. In this work, we can
measure the dynamic changes of Ops (n1, n2, n3, g, u and n) in a
photo-induced process.

The temporal intensity can be obtained by the production of
Jones matrix and expressed as

Ijðm
*
;DpðtÞÞ ¼ I0j½A� D cos 2Weffj � ðBþ F sin 2Weffj sin DeffjÞ

� cos Dp þ ðC þ B sin 2Weffj sin DeffjÞ sin Dp�; ð1Þ
where

A¼ tpp;jð�tpp;jþ�tsp;jÞþ tps;jð�tps;jþ�tss;jÞþ tsp;jð�tpp;jþ�tsp;jÞþ tss;jð�tps;jþ�tss;jÞ
B¼ tpp;jð�tps;jþ�tss;jÞþ tps;jð�tpp;jþ�tsp;jÞþ tsp;jð�tps;jþ�tss;jÞþ tss;jð�tpp;jþ�tsp;jÞ
C¼ i½�tpp;jð�tps;jþ�tss;jÞþ tps;jð�tpp;jþ�tsp;jÞ� tsp;jð�tps;jþ�tss;jÞþ tss;jð�tpp;jþ�tsp;jÞ�
D¼ tpp;jð�tpp;jþ�tsp;jÞ� tps;jð�tps;jþ�tss;jÞþ tsp;jð�tpp;jþ�tsp;jÞ� tss;jð�tps;jþ�tss;jÞ
F¼ i½tpp;jð�tps;jþ�tss;jÞ� tps;jð�tpp;jþ�tsp;jÞþ tsp;jð�tps;jþ�tss;jÞ� tss;jð�tpp;jþ�tsp;jÞ�:

ð2Þ

The phase of photoelastic modulator (PEM), Dp, is modulated
with amplitude and frequency at d0 and x, respectively. The
operation frequency of PEM is 50 kHz, so within 20 ls, the two
intensity waveforms at different incident angles can be simulta-
neously recorded for extracting the Ops, as shown in Fig. 3. The
subscript j = 1, 2 denotes the incident angle hij of the two probe
beams. The Weffj and Deffj are the effective ellipsometric parameters
of beam splitter (BS) and the combination of BS and mirror (M),
respectively. If the subscripts P and S are the polarized light paral-
lel and perpendicular to the incident plane, respectively; then tmn,
(m
*

) is the corresponding Fresnel transmission coefficients of its
polarization state. The six Ops (n1, n2, n3, g, u and n, noted as m

*
)

and the thickness are implicitly contained in the transmission coef-
ficients [22]. Therefore, one can determine these parameters by fit-
ting the theoretical model to the measured waveforms. In the
numerical procedure, the goodness-of-fit can be evaluated by the
reduced chi square (RCS) [23], which is defined as

RCS ¼ 1
N �M � 1

X

hij

X

t

fIðm
*
;DpðtÞÞcalc � Iðm

*
;DpðtÞÞexpg

2

dIðm
*
;DpðtÞÞ2exp

; ð3Þ

The parameters N and M are the number of data points and vari-
ables, respectively, and dIðm

*
;DpðtÞÞexp denotes the standard devia-

tion. Through the genetic algorithm (GA) [24], the Ops can be
obtained in a short time without being trapped in the local
minimum.

For extracting the Ops of sample by GA, we have to determine
the thickness by combining the Fourier transform technique in
the one-probe-beam configuration. First, we roughly measured



Fig. 3. One cycle (20 ls) of temporal intensity waveforms measured by a two-
probe-beam phase modulated polarimetry. These two waveforms were simulta-
neously acquired, allowing for extracting all the optical parameters of our DR19-
doped PMMA sample. Here, hi: incident angle; hollow circles (s): hi = 0� and solid
circles (d): hi = 5�. t0 is the initial time of measurement, here t0 = 2699.9 s (end of
stage 2).
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the thickness of sample by a micrometer as d1 considered as
known in GA of waveform extraction for Dn; then solve the thick-
ness d2 from its phase retardation (DQ = 2pDnd/k), which was
determined by the ratio of Fourier components [20]. These deter-
mination cycles have been repeatedly executed until the difference
of thickness between two adjoint cycles converges to 1 nm.
3. Experiments

3.1. Sample preparation

Our poly(methyl methacrylate) (PMMA) host matrix was made
from the chain reaction of polymerization of methyl methacrylate
(MMA) (Lancaster) monomers by use of a thermal initiator,
azobisisobutyronitrile (AIBN) (Showa). To preserve the uniformity
of the refractive index inside the thick sample we made the poly-
mer blocks in two stages at different temperatures [25]. In the first
step, the initiator, AIBN, (�0.5 wt.%) and disperse red 19 (DR19)
(Aldrich) molecules (�0.5 wt.%) are dissolved in solvent MMA.
The solution was purified to remove the un-dissolved particles so
as to reduce light scattering centers. The purified solution was
poured into a square glass tube and then put in a pressure chamber
at room temperature for about 120 h until the solution turned into
homogeneously viscid. In the second step, the temperature of the
chamber was elevated to 45 �C for 24 h to accelerate the thermo-
decomposition rate of AIBN. Chain reaction was accelerated until
polymerization was completed and the sample became a self-
sustaining slab bulk with dimensions of 10 � 10 � 1.8 mm3. This
is named as DR19-doped PMMA polymer.

3.2. Optical experiments

The dynamics of the photo-alignments of DR19 azobenzene
molecules in the polymer matrix were characterized by a two-
probe-beam phase modulated polarimetry, in which two beams
were incident at different angles. Through the GA, the Ops can be
precisely determined by fitting the theoretical model to the
measured waveforms. The optical setup of the two-probe-beam
phase modulated polarimetry is shown in Fig. 2. We like to
emphasize that the two inducing beams are mutually incoherent
orthogonally-polarized beams from two laser diodes at 532 nm.
The probe beam is a HeNe laser at 632.8 nm (40 mW/cm2), where
DR19-doped PMMA exhibits very low absorption [26]. The two-
probe-beam system consists of the linear polarized light with
azimuth angle at �45� passing through the PEM (PEM 90, Hinds),
whose modulation axis is set at 0� to the incident plane. Then the
modulated beam passes to the BS and M for the two modulated
probe beams. These two beams are separately transmitted through
the photo-sensitive medium, one is in normal and the other is offset
by 5�. The effects of BS and M in the system have been well cali-
brated by a modified three intensity technique [27]. There are
two analyzers in the probe system, both transmission axes of which
are set at 45�, and then the two modulated waveforms are simulta-
neously acquired by a 10 MHz DAQ system. Both waveforms are
measured within 20 ls, from which the Ops can be extracted
through the GA.

For characterizing the dynamics of photo-alignment of azo-dye
molecules in polymer matrix, we conduct a four-irradiation-stage
process on the sample. The two inducing beams come from two
independent laser diodes at 532 nm to avoid the interference. The
intensity fluctuation of the inducing beams can be stabilized within
±3% after 1.5 h, and then the intensities of both inducing beams are
attenuated to be 4.7 mW/cm2 in order to reduce the photo-thermal
effect in refractive index [28]. These two beams are linear polarized,
one is parallel (inducing beam 1: P-polarized) and the other is per-
pendicular (inducing beam 2: S-polarized) to the incident plane.
The incident angles of both beams are set at 10� and �10� with re-
spect to the sample normal. The irradiation time for both inducing
beams can be controlled by two mechanical shutters (MSs). In order
to demonstrate the dynamic changes of the principal refractive
indices as well as the Euler angles of the azo-dye-doped material,
we sequentially applied four stages of photo-induced process: (1)
without any inducing beam for 5 min; (2) turn on the P-polarized
light for 40 min; (3) turn on an extra S-polarized light for 40 min;
in the end (4) turned off both inducing beams for 20 min.

For minimizing the thermal heating effect [28–31] in our exper-
iment, all the four stages are conducted at room temperature
(22.3 ± 0.2 �C). The beam profiles of both inducing and probe
beams are measured by a CCD camera (F-032B, Pike; resolution:
640 � 480; resolution depth: 16 bits; frame rate: 208 fps). The
beam profiles are averaged by 100 frames for display.
4. Results and discussion

Fig. 4 is the beam profiles of both inducing and probe beams
measured by a CCD camera. Since the spot size of the inducing
beam (1.35 mm) is only three times larger than that of the probe
beam (0.45 mm), the measured intensity is the average value over
the probe area. Therefore, the actual variation of refractive indices
at the peak of inducing beam should be larger than the measured
values.

The thickness of film dealt in ellipsometry/polarimetry is much
smaller than the wavelength of probe beam [32,33], while this bulk
medium is much thicker than wavelength. For extracting the 6 Ops
of the bulk, we have to decouple the thickness in the intensity
waveform prior to extract other Ops. The thickness of azo-dye-
doped PMMA block measured by micrometer is 1800 ± 10 lm,
which has been considered as constant for the preliminary cycle
of the decoupling process. In this experiment, DQ has been satu-
rated to be 20.52� when irradiated by the P-polarized light at the
incident angle of 10�. Here, the thickness has been determined to
be 1809.851 ± 0.001 lm after the repeated cycles. The shrinkage
of our material can be neglected [25], therefore, the adopted thick-
ness is 1809.851 lm for the determination of Ops by the waveform
extraction technique at four stages of photo-induced process.



Fig. 4. Beam profiles of inducing and probe beams. Hollow circles (s): inducing
beam and solid circles (d): probe beam.

Fig. 5. Refractive index ellipsoid extracted from the measured intensity waveforms.
The dynamics of (a) principal refractive indices and (b) Euler angles are obtained at
four irradiation stages. Stage 1, t = 0–300 s: no inducing beam; stage 2, t = 300–
2700 s: turn on the P-polarized beam; stage 3, t = 2700–5100 s: turn on the
additional S-polarized beam; stage 4, t = 5100–6300 s: turn off both beams. The
solid lines in (a) are obtained by fitting the biexponential functions of the three
stages.
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The dynamic changes of the Ops during the photo-isomerization
have been resolved in this research. Not only the three principal
refractive indices, but also the photo-alignments of the molecules
are measured by the two-probe-beam polarimetry. The experimen-
tal results of the refractive indices and Euler angles of the three
principal axes are shown in Fig. 5 for all the four photo-induced
stages. For a legible figure, we display one data point/s in the begin-
ning 1 min for stages 2, 3 and 4; otherwise, we only express one
data point every 2 min. According to the results, the distribution
of the azo-dye molecules and its corresponding effective refractive
index ellipsoid can be illustrated in Fig. 6.

In stage 1: If there is no irradiation, the angular orientations of
the azo-dye molecules are randomly distributed, and the effective
refractive index ellipsoid is spherical, as shown in Fig. 6a. In the
one-probe-beam phase modulated ellipsometry, we have accu-
rately measured the refractive index of PQ-doped PMMA with pre-
cision of 10�3 [20]. In 2009 [34], Dubreuil et al. proved that both
random and systematic errors can be reduced by performing the
measurement at more than one output channels. So, a higher pre-
cision and accuracy can be expected by performing the measure-
ment at two incident angles. This system obtains an averaged
refractive index to be 1.497407 with the precision of 10�6. Accord-
ing to Wu’s [29] measured refractive indices of doped PMMA with
various concentration of DR19 (3–15 wt.%) for different tempera-
ture (30–80 �C), we extrapolate from their results then obtain
1.4976 for the refractive index of our sample (0.5 wt.%, 22.3 �C),
which is only 2 � 10�4 higher than our measured value.

In stage 2: Once the P-polarized light has been turned on, the
long axes of trans isomers parallel to the pump polarization will
absorb the energy, and then change to cis isomers. Since the cis iso-
mers are unstable, they will convert back to trans isomers. Sekkat
et al. [15] stated that the directions of trans isomers will tend to be
conically distributed with a center line parallel to the direction of
pump polarization. In macro scale, a negative uniaxial medium
(n2 � n3 > n1) has thus been induced by the P-polarized beam
[35], such as shown in Fig. 6b. This phenomenon has been observed
in the experiment, during irradiation, the sample stays as uniaxial
medium, and its OA is in the same orientation (Fig. 5b). The OA of
the sample is on PA1, which is on the incident plane. The angle
between axes X and the OA is equal to 101.7 ± 0.1�, so the OA is
almost at the same direction of pump polarization. This photo-
isomerization process will cause trans isomers to be accumulated
on the PA2–PA3 plane, which is perpendicular to the pump polari-
zation. In the end, the three principal refractive indices will reach
to a dynamic equilibrium value, thus n2 and n3 are saturated to a
larger value while n1 decreases to a smaller value in comparison
with the value before irradiation. Since the precision measurement
of induced birefringence for a thick PQ-doped PMMA bulk can
reach less than 10�6 by one-probe-beam phase modulated polar-
imetry [20], the order of 10�5 photo-induced birefringence
(�1.5 � 10�5) is resolvable by this technique. It is known the tem-
perature do affect the refractive index [28,29], birefringence
[28,30], and the reaction rate of the photo-isomerization [31] of
the azo-dye-doped polymers under irradiation. Here, we are focus-
ing our study in the orientation of the irradiated azo-dye mole-
cules, so we choose a low concentration of DR19 (0.5 wt.%)
doped in PMMA under a low-power (4.7 mW/cm2) irradiation for
this study. The glass transition temperature (Tg) of the sample is
close to the pure PMMA, i.e. Tg � 100 �C, while the room tempera-
ture is much lower than Tg of this sample, therefore, the tempera-
ture effect on the refractive indices can be neglected.

In stage 3: An extra S-polarized light has been turned on for an-
other 40 min. Similar isomerization process will redistribute the
orientation direction of the molecules on the PA2–PA3 plane; the
long axes of the rod-shaped molecules will be gradually oriented
to the propagation direction of P-polarized light (�PA2). Therefore,
the refractive index n2 increases to a higher value, but n1 stays the
same value as in stage 2, while n3 decreases to the same quantity
as n1. Just as expected in the angular re-distribution theory
[15,16], this sample does transform from a negative uniaxial to a
biaxial medium by the extra S-polarized light. After the dynamic
equilibrium has been approached, the sample will ultimately turn



Fig. 6. Photo-isomerization processes under various irradiation conditions. (a): no
irradiation; (b): P-polarized irradiation only and (c): combination of P- and S-
polarized irradiations. The P and S inducing beams propagate along ~k1 and ~k2,
respectively. Left part: orientations of the molecules; right part: the corresponding
effective refractive index ellipsoid.

Table 1
Dynamical parameters of photo-induced reaction for different stages.a

kai (s�1) kbi (s�1) Ai (�10�6) Bi (�10�6) Ci

Stage 2 (induced by P-polarized light)
n1 0.171 0.003 6.0 4.1 1.4974046
n2 0.183 0.003 �3.1 �2.0 1.4974060
n3 0.171 0.003 �3.0 �2.1 1.4974082

Stage 3 (induced by P- and S-polarized light)
n1 – – – – –
n2 0.19 0.004 �4.3 �4.4 1.4974185
n3 0.189 0.004 4.3 4.4 1.4974084

Stage 4 (turn off both lights)
n1 0.085 0.002 �3.9 �5.5 1.4973946
n2 0.084 0.002 7.2 9.9 1.4974259
n3 0.085 0.002 �3.0 �4.2 1.4973997

a The subscript i = 1, 2, 3 denotes the three principal axes.
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into a positive uniaxial (OA = PA2) medium, as shown in Fig. 6c. The
unexpected difference between n1 and n3 (in Fig. 5a) may be
explained by the biaxial configuration on the surface of
azo-dye-doped polymer [36]. The results clearly show that the
azo-dye molecules can be further aligned by the extra polarized
pump light, thus increase the number of ordered molecules and
enhance the birefringence of the medium.

In the end stage: Turn off all pump lights, the orientation of the
molecules will be randomized by rotational Brownian motion,
known as rotational diffusion (RD) [15,16]. As a result, the sample
will transform back to be an isotropic medium. The weak residual
birefringence (�10�7) in the sample is the limitation of this
measurement technique. So, the photo-isomerization of DR19
azobenzene molecules in PMMA polymer matrix is thermally
reversible.

The biexponential function of the growth and decay processes
of the refractive index can be used to express the photo-induced
process quantitatively. The typical biexponential function is ex-
pressed as:

ni ¼ Ai expð�kaitÞ þ Bi expð�kbitÞ þ Ci; ð4Þ

where ni is the measured refractive indices at time t, and the sub-
script i = 1, 2, 3 denotes the three principal axes; kai and kbi repre-
sent the reaction rate with amplitudes Ai and Bi; constant Ci is the
offset of the function. The photo-induced reaction for growth or de-
cay process of DR19-doped PMMA are obtained from fitting the
biexponential function to our measurements; the reaction rates
and the corresponding amplitudes of each stage are listed in Table 1,
and the fitted curves (solid lines) are plotted in Fig. 5a. In stage 2,
the amplitudes of the dynamic change in n1 (A1 and B1) are twice
of those in n2 and n3. This consists with the theoretical model of
photoisomerization, the dye molecules, fixed in a solid matrix, pref-
erentially absorb light polarized along their transition moment. In
stage 3, both reaction rates are the same, while their amplitudes
are doubled in comparison with the values in stage 2. Song et al.
[30] also showed that the reaction rates are independent of the
power of inducing beam when the operation temperature is below
Tg, however, the amplitudes do depend on the pump power. In stage
4, the reaction rates of both fast and slow processes are half of those
in stages 2 and 3, which means the relaxation process is slower than
pump process.

5. Conclusions

After decoupling the thickness of the sample by the combina-
tion of waveform extraction and Fourier transform techniques, in
this two-probe-beam phase modulated polarimetry, we have dem-
onstrated that one can monitor the dynamic changes of all the Ops
(three principal refractive indices and its Euler angles) of the DR19-
doped PMMA during irradiation processes. A 50 kHz data acquisi-
tion speed can be reached; the precisions of the system are 10�6

and 0.1� for the refractive indices and principal angles of refractive
index ellipsoid, respectively. According to the angular hole burning
concept, these results can be used to identify the dynamics of
photo-alignment in DR19-doped PMMA polymer matrix. Compar-
ing with the conventional photo-induced birefringence measure-
ment in azo-dye-doped polymer, this method provides a clearer
picture of the molecular motions with respect to the laboratory
coordinates under the photo-isomerization. In these controlled
irradiation processes, one can observe the variation of birefrin-
gence in the polymer because the directions of trans isomers have
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been re-oriented from random to a plane then to a line distribu-
tion. Thus, we can conclude that the modifications of the refractive
indices are caused by increasing the aligned molecules according
to the polarization states of the pump beams and their propagation
directions. Additionally, the biexponential growth and decay in the
refractive indices suggest that both fast and slow processes exist
during the photo-alignment of DR19 azo-dye molecules by using
polarized light. This study provides a new approach to simulta-
neously monitor and control the direction of azo-dye molecules
for further photonic applications, such as holographic data storage
and photo-switch. Fig. 6 shows that it is possible to optically
manipulate the orientation of molecules in order to enhance the
diffraction efficiency of a grating. In our future work, we like to
apply the stroboscopic illumination technique [37] to establish
an imaging polarimetry for measuring the dynamic properties of
the photorefractive medium.
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