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Abstract Ultra-short high-intensity light pulses were uti-
lized to induce the optical birefringence in a polyimide ma-
terial possessing the azo-dye covalently bonded to the main
chain. The obtained results showed that a two-photon ab-
sorption process was involved in a creation of the sample
birefringence which, to the best of our knowledge, was not
previously reported for polyimide materials. The growths
and decays of birefringence were examined as functions of
the pulse intensities. No damage to the material during the
illumination process was detected in a wide range of opti-
cal powers applied. High birefringence level of the order of
0.005 was measured.
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1 Introduction

The phenomenon of light-induced birefringence in azoben-
zene-derivative polymers has been the subject of intense
studies motivated by interesting future applications in the
area of reversible optical storage [1–3]. The phenomenon
arises from a reversible structural change of azo chro-
mophores between a stable trans—and a less stable cis—
isomers. Multiple trans-cis-trans isomerization cycles under
the polymer irradiation lead to the chromophore rearrange-
ment; the material becomes birefringent with the axis per-
pendicular to the electric vector of the irradiating light.

Numerous studies on photoinduced birefringence have
been devoted to a molecular reorientation created in polymer
films via a linear absorption process of a continuous (cw)
beam. It has been shown that the induced birefringence is
influenced by many factors referring to not only the azo-dye
and polymer chemical structure but also to the experimen-
tal conditions [4–6]. The reorientation of azochromophores
has been shown to appear under a pulse beam illumination
as well. The birefringence level obtained in this case differs
from the one achieved during a cw light irradiation due to
local thermal heating by the pulses [7].

Ultra-short high-intensity laser pulses may induce the
sample birefringence via a two-photon absorption process.
It is a nonlinear optical process involving the simultane-
ous absorption of two identical photons of half of the en-
ergies of a molecule excited level, with a transition proba-
bility dependent on the square of the pulse intensity. Unlike
the linear absorption, in which the light beam is absorbed
along its path in a material, the nonlinear absorption is lim-
ited to only a small area in the beam focus. This, in con-
sequence, allows for dense data writing with a 3D resolu-
tion [8]. The two-photon isomerisation process in azopoly-
mers has been recently demonstrated using high peak-power
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ultra-short pulses [9–11]. The studies were performed for
azo dyes dispersed in a flexible poly(methylmethacrylate)
(PMMA) matrix. Such guest–host systems have an advan-
tage in a relatively simple preparation and fast writing rates
but, on the other hand, are characterised by a limited chro-
mophore loading level and fast thermal relaxation of the in-
duced order in dark.

Polyimide materials exhibit high glass transition temper-
ature (>200◦C) and a rigid structure. It has been shown,
however, that the photoinduced orientation in these mate-
rials occurs at room temperature [12, 13]. Thus, polyimides
having the azodyes covalently bonded to the main chain may
offer a system of an increased stability of the written data.

This work is devoted to the photoinduced birefringence
created in the azo-dye-functionalized polyimide forming a
side-chain system. The investigated material was thermally
stable with a decomposition temperature close to 400◦C and
amorphous [14], which is important when practical appli-
cations are considered. The birefringence was induced by
high-intensity femtosecond pulses via a two-photon absorp-
tion process. The study presents the excitation intensity de-
pendence of growths and decays of the material birefrin-
gence along with the obtained birefringence level and its
temporal stability in dark.

2 Experimental

The synthesis of substrate materials for the investigated
polyimide (PI–Az) was carried out according to the proce-
dure presented in [15]. The synthesis and characterization of
PI–Az was described in [14].

The polymer films were obtained from a homogenous so-
lution of PI–Az in NMP filtred through 0.2 µm membranes
and cast onto glass substrates. The films were dried at 200◦C
for 2 hours. The linear optical properties of PI–Az were
analysed by UV–vis absorption spectroscopy using a JASCO
V570 UV–V–NIR spectrometer. The UV–vis spectra were
acquired both in polymer solution in NMP and in solid thin
form on the glass substrate.

The sample birefringence was induced by the 100-fs
pulses at 800 nm and a 1-kHz repetition rate delivered

by a Ti:sapphire regenerative amplifier (Spitfire, Spectra
Physics). The incident pulse energies were varied using an
achromatic halfwave plate and a calcite polarizer. In order
to obtain sufficient optical densities, the writing beam was
focused using a spherical lens, and the polymer film was
placed in front of the focal plane. A weak 690 nm in wave-
length beam from a laser diode was used for probing the in-
duced birefringence changes in the material. The beam was
passing perpendicularly through the sample placed between
two crossed polarizers and was centred at a writing beam
spot (of ∼3-mm diameter). For a maximum resulting change
in the transmission signal, the polarization of the writing
beam was set at 45◦ with respect to the horizontal polariza-
tion direction of the probing beam. The transmission of the
probe beam through crossed polarizers setup was detected
by a lock-in amplifier using a mechanical chopper for mod-
ulation of the probing beam. The measurements were per-
formed for the same sample point as a function of average
writing power increased from a value of 50 mW to 700 mW,
which was the maximum power obtained from the laser sys-
tem. The above optical powers corresponded to peak inten-
sities of 7.1 GW/cm2 and 99.4 GW/cm2, respectively. After
a 6-minute-irradiation cycle, the beam was switched off for
400 seconds. Then, an achromatic quarter wave plate was
inserted into the writing beam way. The beam of a circu-
lar polarization and 150-mW power was being switched on
until the transmitted signal reached the value prior to first
illumination cycle. For optical induced birefringence mea-
surements, the polymer film of 4.8-µm thickness measured
by a stylus profiler was used.

3 Results and discussion

The chemical structure of the investigated photochromic
polyimide is shown in Fig. 1.

The specific structure of PI–Az material is due to the
fact that one of the aromatic azobenzene cores is a part of
the backbone connected in the 2 and 4 positions with imide
ring. The chromophore forms the molecule of an acceptor-
π -acceptor type.

Electronic spectrum of PI–Az solution in NMP exhibits
two absorption bands (Fig. 2a). The one in the UV region

Fig. 1 Chemical structure of
the investigated polyimide
(PI–Az)
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Fig. 2 UV–vis spectra of PI–Az in NMP solution compared with (a) PI
spectrum in inset, (b) PI–Az film spectrum

centered at about 290 nm is attributed to transition within
the polymer backbone. The second one, at around 404 nm
is assigned to the electronic transition moment of the trans-
azochromophore.

In order to confirm such an assignation of the absorp-
tion bands, the additional polyimide material without the
azobenzene group (PI) was synthesised. Its UV–vis spec-
trum is compared with the spectrum of PI–Az in the inset
of Fig. 2a. As it can be seen from the figure in the case of
the PI polymer, only the absorption band in UV region with-
out absorption above 360 nm was found.

Absorption spectra of the polyimide in solution and film
exhibited the same shape, but a slightly broader band was
observed in the case of the film (Fig. 2b). A 16-nm shift

Fig. 3 Transmission curve representing writing, relaxation and eras-
ing sequence for PI–Az film irradiated with 100 mW of average power

of the film absorption maximum towards shorter wave-
lengths in comparison to that in the solution indicates pos-
sible H-type aggregation of azobenzene chromophores in
the film, similarly to what was observed for other azopoly-
mers [16, 17]. As it can be seen from the figure, the PI–Az
polymer film is transparent at the probing and writing wave-
lengths. However, half of the writing wavelength falls close
to the maximum of the absorption peak.

Figure 3 presents an exemplary transmission curve
recorded for 100 mW of the average writing power.

Prior to the sample illumination with the writing light,
zero transmission through the system was detected. This
was as a consequence of a random chromophore orientation
and isotropic properties of the polymeric material. Switch-
ing on the writing light (time A in Fig. 3) led to a monoto-
nous increase in probe beam transmission signal, which was
indicative of an induced birefringence. After switching off
the writing beam (time B in Fig. 3) the signal started to go
down due to a thermal randomization of the chromophore
alignment. Subsequent sample illumination with the light of
a circular polarization (time C in the figure) initiated the
process of erasing the material birefringence. The erasing
was complete in the cases where the birefringence was cre-
ated by the writing light of the powers ranging from 50 mW
to 400 mW. In the case of 700 mW of the writing power the
erasing was not complete; the transmission signal decreased
to a final value, which gave a remnant sample birefringence
of ca. 0.001 (see (1)). We may thus conclude that apart from
the highest applied optical power the writing beam did not
cause the material degradation. However, some structural
changes might appear during the 700-mW writing cycle.
It was shown by Ishitobi et al. that the guest–host system
of Disperse Red 1 dissolved in PMMA undergoes an irre-
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Fig. 4 Generation and relaxation curves of induced birefringence
in PI–Az film obtained for different writing powers. 1—50 mW,
2—100 mW, 3—200 mW, 4—400 mW, 5—700 mW

versible photobleaching under the 785 nm irradiation via a
multi-photon absorption process [18].

The measured transmittance through the crossed-polar-
izer set-up was used for the determination of the optically
induced birefringence knowing that

�n = λ

πd
sin−1

√
T , (1)

where λ is the probing beam wavelength, d is the film thick-
ness, T is the transmittance of the setup, and �n is the dif-
ference in refractive indices for polarizations parallel and
perpendicular to the polarization direction of the writing
beam. Figure 4 shows the generation and relaxation of the
induced birefringence in the studied polymer film for all ap-
plied irradiation powers. In order to verify that the observed
birefringence was induced by two-photon absorption, the
initial writing rates were analysed as functions of the av-
erage optical writing power. The logarithmic plot of d�n

dt

versus Pav is shown in Fig. 5. The fitted line of a slope
(1.9±0.1) was obtained, what within the error is predicted
for two-photon isomerization processes. It should be pointed
out that such dependence was observed in the writing power
range, which was essentially wider than the range applied
by other groups [11, 19, 20].

The birefringence growth and relaxation with time are
often described by the biexponential equations

�n = A
[
1 − exp(−t/τA)

] + B
[
1 − exp(−t/τB)

]
, (2)

�n = C exp(−t/τc) + D exp(−t/τD) + E, (3)

where τA, τB , τC , and τD are the time constants of processes
appearing during writing or relaxation, respectively, A, B ,
C, and D are the amplitudes associated with the processes,
and E is the residual birefringence.

Fig. 5 The initial writing rates of the induced birefringence as function
of the average writing power

It was found that in the investigated polyimide material
the birefringence growths and decays could be well fitted
using the above equations. However, the reliable set of fitted
parameters for analysing the trends was obtained for three
curves recorded during and after 200-, 400-, and 700-mW
illumination.

The fitted parameters for (2) and (3) are presented in Ta-
ble 1. The biexponential function (2) consists of two parts
representing the fast and slow processes appearing during
the writing cycle. As it can be seen from the table, the
time constants of the fast process decrease with the writing
power. The time constants of the slow process, in the case of
200 mW and 400 mW of the writing power, are almost equal
and thus appear not to depend on the laser beam intensity.
The τB time constant obtained for 700 mW is longer; how-
ever, as it was mentioned, at this power the laser light might
induce some additional changes to the material that are not
present under weaker light illumination conditions. What is
interesting, for three examined optical powers, the contri-
bution of the fast process to the final birefringence (repre-
sented by An = A/(A + B) parameters) is lower than that
of the slow process (represented by Bn), and An (and Bn)
parameters are the same one in the case of applying 400 and
700 mW.

The time constants τC, τD and normalized parameters Cn

and Dn (representing the contribution of both processes to
the relaxation of birefringence) are close to each other, espe-
cially for 200 mW and 400 mW of the writing powers. This
indicates that the rate of birefringence relaxation is indepen-
dent on the writing laser power.

The biexponential kinetics of the writing process has
been observed in the functionalized polymer systems con-
taining the azobenzene molecules [5, 6, 21, 22]. However,
the authors gave a different attribution of the fast and slow
contributions. Ho et al. associated the fast process with the
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Table 1 Fitted parameters for
(2) and (3). The subscript n

refers to normalized parameters,
e.g. An = A/(A + B);
Cn = C/(C + D + E)

Pav [mW] An Bn τA [s] τB [s] Cn Dn En τC [s] τD [s]

200 0.28 0.72 29 198 0.08 0.39 0.53 28 259

400 0.45 0.55 20 195 0.09 0.33 0.58 29 270

700 0.45 0.55 14 268 0.08 0.25 0.67 23 238

reorientation of the azobenzene groups and the slow one
with the aligning motion of the polymeric segments [21],
while Song et al. related the fast and slow contributions to
the formation of cis and trans isomers, respectively [5]. At-
tribution of the processes involved in the investigated poly-
imide during the writing cycle requires further studies. It
should be noted, however, that both time constants associ-
ated with the birefringence growth are of the same order
of magnitude comparing to the time constants observed by
He et. al. for an azobenzene-containing fluorinated poly-
imide [23], while the time constants τC , τD are longer than
reported by He et al. The film birefringence obtained in this
work in the case of 400-mW irradiation is almost 0.005.
This is ca. two orders of magnitude more than the birefrin-
gence level reported for the system of Disperse Red 13 chro-
mophore dispersed in PMMA matrix [11] and close to the
value obtained by He et al. in polyimide material via the lin-
ear absorption process.

Similarly to He et al., the birefringence relaxation process
is independent on the writing laser power. The birefringence
decay is caused by the thermal cis-trans isomerization of
azochromophores and a thermal randomization of the mole-
cular orientation. We believe that the fast decay with time
constant τC may be related to the former process, whereas
the slow decay with time constant τD is due to the latter
process. The thermal stability of the induced order is essen-
tially higher than that in the methacrylate-based azopoly-
mer [11]. After 6-minute monitoring the induced birefrin-
gence decreased by ca. 35% revealing a permanent data stor-
age capacity. We attribute this result to a rigid functionalized
polyimide structure.

4 Conclusions

The optical birefringence was obtained in azo-dye-function-
alized polyimide material as a result of the chromophore
reorientation accompanying the photoisomerization cycles.
The birefringence was induced by intense femtosecond in-
frared pulses via two-photon absorption process. The kinet-
ics of growth and decay of the induced birefringence were
analysed as a function of the writing beam intensity. It was
found that the detected growths and decays may be de-
scribed by biexponential functions. The time constant asso-
ciated with a fast process of birefringence growth decreased
with the optical power, while the time constant associated
with the slow process appeared not to depend on the writ-
ing power. Optical erasing of the birefringence was shown

to proceed without causing the material damage apart from
the case where the highest applied power was used for the
writing cycle. High induced birefringence level and its dark
stability were obtained.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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