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Abstrac t. We report the appearance of circular birefringence (optical
activity) in amorphous side-chain azobenzene polymer ® lms on illumination
with circularly polarized light. T he e� ect is observed only if an optical axis is
previously created in the ® lm with the help of linearly polarized light. T he
photoinduced optical activity is believed to be due to changes in the polymer
structure initiated by a circular momentum transfer from the circularly polar-
ized light to the azobenzene chromophores.

1. In trod uc tion

Azobenzene-containing polymers have been intensively investigated as optical
storage media [1± 6]. Usually the interest in these materials is related to the large
linear birefringence which can be induced in them through photoreorientation of
the azobenzene side chains in directions perpendicular to the light polarization
direction and ® nally to photoinduced ordering of the whole polymer.

Recently, we reported [7, 8] the appearance of signi® cant photoinduced circular
birefringence (optical activity) in azo-polymers on illumination with circularly
polarized light. The e� ect is observed in liquid-crystalline side-chain cyanoazo-
benzene polyesters without chiral groups. We believe that it is initiated by a
circular momentum transfer from the circularly polarized light to the azobenzene
chromophores. Evidence for this phenomenon was ® rst reported by Santamato
et al. [9]. In low molecular nematic liquid crystals it gives rise to a collective
rotation of the molecules which causes a continuous rotation of the polarization
azimuth of light passing through the sample. In azobenzene-containing polymers
the mesogenic azobenzene side chains are attached to the polymer backbones and
cannot accomplish free precession. The circular momentum transfer leads to a
torque and to changes in the whole polymer structure. It gives rise to chirality and
to the observed photoinduced optical activity. Until now this phenomenon has
been observed only in liquid crystalline azobenzene polymers. We think that it is
related to the presence of ordering in the polymer ® lms before illumination.

In this paper we present some experimental results that support this idea. We
show that optical activity can also be induced in amorphous azobenzene-containing
polymers if they are previously ordered by illumination with linearly polarized
light.
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2. Experim e n tal

2.1. T he samples
The experiments are done with ® lms of 4-(4-hydroxyphenylazo)benzonitrile/

methylmethacrylate copolymer. The structure of this copolymer is shown in
® gure 1. Its synthesis is described in [10]. The concentration of the chromophore
is 23 mol.%. The ® lms are spin coated and are 3 mm thick.

2.2. Experimental set-up
The experimental set-up is shown in ® gure 2. We used an Ar-laser excitation

beam (¶ ˆ 488 nm, I ˆ 10 mW cm¡2) with di� erent polarization states: linear,

862 M. Ivanov et al.

Figure 1. Structure of the copolymer.

Figure 2. Scheme of the optical set-up. Ar is the exciting Ar beam; PÐ linear
polarizers; ¶=2 and ¶=4Ð wave plates; He± Ne is the probe beam; S Ð sample; PPÐ
the 4-detector Stokesmeter. T he angle between beams 1 and 2 is small and they are
both normal to the ® lm plane.



with polarization directions at 08, 458 and 908 with respect to the vertical and left
and right circular. A He± Ne beam was used as a probe beam; it was linearly
polarized at 458.

The polarization of the probe beam passing through the sample S was meas-
ured by a photopolarimeter (PP). This device measures simultaneously the four
Stokes parameters of light S j ( j ˆ 0 ;1 ;2 ;3) in real time [11, 12] and makes it
possible to record the time evolution of the light polarization azimuth ³ and
ellipticity e during the illumination and after it. ³ and e are calculated from the
measured values of S j using the formulae:

³ ˆ 1
2 arctan S 2

S 1
; …1†

e ˆ tan 1
2 arcsin S 3

S 0

h i
: …2†

Additionally, in the cases in which the exciting light was with vertical or
horizontal polarization we were able to determine the induced linear birefringence
D n using:

D nlin ˆ ¶¯

2ºd
: …3†

Here d is the ® lm thickness, ¶ ˆ 633 nm is the wavelength of the probe beam and ¯
is the phase di� erence between the vertical and horizontal components of the
measuring beam passing through the sample and is calculated from the Stokes
parameters S 2 and S 3:

¯ ˆ arctan
S 3

S 2
: …4†

2.3. Experimental results
In the experiment presented in ® gure 3 we ® rst illuminated the sample with

circularly polarized light. No changes in the azimuth (shown in the ® gure) or the
ellipticity of the probe beam were observed. After 60 s the exciting light polariza-
tion was changed to linear, at 458. It was previously established that linearly
polarized light induces large linear birefringence in these ® lms. However, since the
He± Ne beam polarization direction coincides with the induced optical axis, the
probe beam remains linearly polarized at 458. T hen the Ar light polarization was
changed to circular again. T his time a considerable rotation of the polarization
azimuth is observed during the ® rst 5 s, after which the e� ect is slowly erased.

In the next two experiments the sample was ® rst illuminated with vertically or
horizontally polarized light, then with left circularly polarized light. Between the
two types of illuminations the exciting light was switched o� , as shown with
arrows in ® gures 4 and 5. In ® gure 4 (curves 1 and 2) we have plotted the evolution
of the anisotropic phase di� erence ¯ during the experiments. Figure 5 shows the
corresponding curves for the photoinduced changes in the polarization azimuth.
As is seen, the linearly polarized light induces considerable birefringence. The sign
of ¯ ˆ 2º…nver ¡ nhor†d=¶ depends on the direction of the linear polarization. It is
positive for horizontal polarization (in this case nver > nhor) and negative for
vertical polarization (nver < nhor). This means that the induced birefringence is
negative as usually expected for azobenzene materials. The maximum value of D n
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at 633 nm calculated from this curve for the 3 mm thick ® lm is º0.04. A very small
linear dichroism is also induced, which is responsible for the small rotation of the
polarization azimuth during this illumination (® gure 5). Both linear dichroism and
birefringence are considerably stable when the Ar beam is stopped. When the
exciting light polarization is switched to left circular, a signi® cant rotation of the
azimuth is observed. T he sign and the value of this rotation do not depend on the
direction of the previously induced optical axis. At the same time the linear
birefringence is gradually erased. As the exciting light is circularly polarized the
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Figure 3. Rotation of the probe beam azimuth ³. T he excitation beam is circularly
polarized during the ® rst 60 s, then it is linear at 458, and circular again after
another 60 s. T he arrows point to the moments when the change of the excitation
polarization occurs.

Figure 4. T he evolution of the anisotropic phase delay ¯ induced in the sample during
the experiment. T he ® lm is ® rst illuminated with horizontally (curve 1) or vertically
(curve 2) polarized Ar light, then the excitation is switched o� for 20 s, and after
that the Ar beam is with left circular polarization.



polarization rotation cannot be due to linear dichroism. We conclude therefore that
the e� ect is due to photoinduced circular birefringence (optical activity). The
induced optical activity remains stable if the exciting beam is switched o� for a few
seconds (® gure 5) , otherwise it is erased (as in ® gure 3).

In the next two experiments the sample was ® rst exposed to a horizontally
polarized Ar beam and then the beam polarization was changed to left or right
circular. The evolution of the polarization azimuth of the probe He± Ne beam
during these experiments is shown in ® gure 6. The sign of the polarization rotation
is determined by the handness of the exciting beam polarization. Left circularly
polarized Ar light induces a left-hand rotation and right circularly polarized light
induces a right-hand rotation. T he rotation power is º28mm¡1 ; in both cases it
remains stable after switching o� the Ar laser. The induced optical activity is
reciprocalÐ if the probe beam is sent back through the sample its initial polariza-
tion is recovered.

4. Discu ssion

As discussed above, the induction of optical activity on illumination with
circularly polarized light has been observed until now only in liquid crystalline
azobenzene polymers and not in amorphous polymers containing the same
chromophores. It suggests the idea that the phenomenon is related to the pre-
existence of ordering in the ® lms ; this belief is strongly supported by the experi-
mental results presented here. It also indicates that the appearance of optical
activity is not directly due to the photoinduced processes with the azobenzenes
themselves but rather to changes in the structure of the whole polymer. We believe
that these structural changes are the result of a circular momentum transfer from
the exciting circularly polarized light to the ordered azobenzenes. As the latter are
attached to the polymer chains they can only be rotated through a limited angle. In
liquid crystalline polymers each domain has a director ; this director is determined
by the orientation of the mesogenic azobenzenes. If the circularly polarized light
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Figure 5. Rotation of the probe beam azimuth ³. T he values of ³ are measured during the
experiment described in ® gure 4.



induces rotation of the directors and the rotation angle depends on the coordinate
z Ð along the light propagation directionÐ the birefringence axis will be gradually
rotated through the sample and this will result in the appearance of chirality. It
was similar in the amorphous polymers in which we previously induced an optical
axis. It is known that the large photoinduced linear birefringence in amorphous
azo-polymers is associated not only with the reorientation of the azobenzenes but
also with ordering of the polymer chains. If the circularly polarized light causes
rotation of the previously induced axis and this rotation is z dependent, the
resulting structure will be chiral and the ® lm will exhibit optical activity. Further
illumination with circularly polarized light destroys the birefringence axis and
makes the ® lm isotropic ; this is why the e� ect is erased with large exposures
(® gure 3)

4. Conc lu sion

In summary, we have shown that circular birefringence can be induced in
amorphous polymers as well, if an optical axis is previously created in the polymer
® lms by illumination with linearly polarized light. As the observed optical activity
is signi® cant (28mm¡1) and it is stable in the dark, this light induced e� ect can ® nd
interesting applications, for example in polarization holography, polarization
optical elements, etc.
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Figure 6. Evolution of the probe beam azimuth ³. Left and right circularly polarized
excitation induces correspondingly left or right optical activity in the preliminary
ordered sample.
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