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Abstract. The induction of anisotropy gratings in side-chain
azobenzene polyesters is accompanied by the formation of
surface relief. We introduce an improved holographic method
to separate the contributions of the anisotropic and the to-
pographic part to the diffraction efficiency by analyzing the
polarization of the first-order diffracted beam. The main ad-
vantage of this method is that both parts can be determined
simultaneously by only one measurement. Furthermore the
displacement between both gratings can be determined in
a similar manner. Experimental results obtained with two dif-
ferent polyesters are presented.

PACS: 42.40.Lx; 42.65.Vh; 42.25.Ja

Since the first observation of surface relief formation in
azobenzene polyesters due to irradiation with two coherent
light waves [1, 2], this phenomenon has been the subject of
a multitude of investigations [3–7]. The effect is of great in-
terest concerning potential applications, for instance in the
field of the fabrication of diffractive optical elements. Such
elements could be produced without any wet processing by
optical means exclusively. Therefore a better understanding
of the basic processes and knowledge about the kinetic of the
relief formation are necessary.

Under the influence of a polarized light wave the chro-
mophore moieties in a photoanisotropic medium undergo
trans-cis isomerization cycles, which lead to a reorientation
of those molecules perpendicular to the direction of the field
vector. The material becomes birefringent. A periodic field
distribution, which can be obtained by coherent superposition
of two orthogonal polarized light waves, can thus be inscribed
in the bulk of such a material as a varying optical anisotropy.
In azobenzene polymers the induction of such polarization
gratings initiates the formation of surface relief gratings. The
features of the reliefs are strongly dependent on the type of
anisotropy grating in the bulk of the polymer material. It has
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been established that the intensities and polarization states of
the light waves producing the field modulations are strongly
responsible for the nature of the surface relief. Also the poly-
mer architecture has an essential influence.

A peculiarity of polarization gratings is the fact, that
the diffraction efficiency and the polarization states of the
diffracted beams are in general dependent on the polarization
states of the recording beams and the readout beam as well.
For example the first-order diffracted beam of a polarization
grating produced with orthogonal circular polarized beams
is always circularly polarized, independent of the polariza-
tion of the readout beam. In contrast for pure surface relief
gratings the polarization of the diffracted beam would not be
altered by the diffraction process. Considerations of this kind
open possibilities to separate the contributions of both grat-
ings to the diffraction by analyzing the polarization states of
the diffracted orders.

Holme et al. developed a polarization holographic method
to perform such a separation [8, 9]. Thereby the displace-
ment between both gratings had been determined by a re-
lated method. In both cases the polarization of the first-order
diffracted beam has been analyzed for different linearly polar-
ized states of the readout wave. The final result was obtained
by combination of data of at least two measurements. This
could be problematic because of temporal fluctuations of the
diffracted beams, which we have found to occur due to me-
chanical instabilities. Especially for measurements revealing
the temporal behaviour of the relief formation such a com-
bination of temporal uncorrelated data should be avoided. In
this article we present a modified method that avoids this
problem.

1 Theory

The method is based on the fabrication of a polarization grat-
ing that is accompanied by relief formation by coherent su-
perposition of two beams polarized along±45◦ with respect
to the grating vector (x axis) which intersect in the plane of
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the sample under an angle of 2θ. The total field can be written
in terms of a Jones vector for small intersection angles 2θ:(

Ex
Ey

)
=√I

(
cosδ
i sinδ

)
. (1)

δ = 2π
λ

x sinθ is the phase across the film plane for the first
recording beam, for the second beam it is−δ, consequently
the relative phase between both beams is 2δ. The total in-
tensity I of the field in the film plane is constant but the
polarization is modulated along the grating vector as depicted
in Fig. 1. This modulation induces a continuously varying
optical anisotropy with the optical axes parallel and perpen-
dicular to the grating vector.

This anisotropy grating can be described in terms of
a phase plate with spatially varying phase shift. It can be
desribed by the following Jones matrix:

Ta=
(

ei∆φ cos(2δ) 0
0 e−i∆φ cos(2δ)

)
. (2)

The amplitude of the spatially varying relative phase shift
of the phase plate is thus 2∆φ. Considering the effect of the
surface relief grating there will be no relative phase shift be-
tween thex- andy-component of a probe beam but a spatial
varying absolute phase shift for both components due to the
thickness modulations. The Jones matrix describing the trans-
mittance of the surface relief grating is thus given by

Tr =
(

ei∆ψ cos(2δ+δ0) 0
0 ei∆ψ cos(2δ+δ0)

)
. (3)

Here ∆ψ = 2π
λ

∆h(np− na), where 2∆h is the relief
height andnp andna are the refractive indices of the polyester
and air. The constantδ0 accounts for a possible displacement
between the two gratings. A sinusoidal shape of the relief
has been assumed in accordance with AFM scans performed
previously [5, 9].

Now the diffraction of a probe beam by these gratings
will be considered. We assume the anisotropic–topographic
grating system to consist of the two gratings in succession.
That means that the probe beam first passes the surface grat-
ing without anisotropy and then the pure anisotropy grating
in the bulk. Therefore the total Jones matrix of the diffracting
system is

T = TaTr . (4)
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Fig. 1. Polarization of the recording beams and resulting modulation of the
polarization state along the grating vector

In a straightforward calculation the matrix for the+1
order of diffraction

T+1=
(

Aeiδ0+ B 0
0 Aeiδ0− B

)
(5)

is obtained with

A= J0(∆φ)J1(∆ψ) (6)

and

B= J0(∆ψ)J1(∆φ) . (7)

TheJi (i = 0,1) are the zeroth and first-order Bessel func-
tions of the first kind, the phase shifts∆φ and ∆ψ have
been assumed to be small so that higher order terms are
negligible.

It should be remarked, that in the Jones matricesTa and
Tr the absorbance of the material was neglected for simplifi-
cation. This is justified because of the small absorbances of
the samples used in our experiments at the wavelengths of the
recording and reading beams which are given in Sect. 2.

First the displacementδ0 between both gratings can be
determined. For that purpose the polarization state of the
readout beam with intensityI0 was chosen to be right-handed
circular, accordingly the wave in the+1 order is

E+1= T+1

√
I0

2

(
1
i

)
=
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I0

2

(
Aeiδ0+ B

i
(
Aeiδ0− B

)) . (8)

This diffraction order can be split (by means of a Wol-
laston prism) into a horizontal and a vertical polarized beam
with intensities

Ich= I0

2
| Aeiδ0+ B |2= I0

2

(
A2+ B2+2ABcosδ0

)
(9)

and

Icv = I0

2
| Aeiδ0− B |2= I0

2

(
A2+ B2−2ABcosδ0

)
. (10)

The first index c indicates the circular polarization of the
probe beam, the second one v, h refers to the vertical and ho-
rizontal components of the diffracted beam. From an experi-
ment described by Holme [9] we know, that in these materials
a linear polarized beam induces a birefringence with the fast
axis in field direction(∆φ < 0). This means thatA> 0 and
B< 0. Furthermore from symmetry considerations the value
of δ0 is expected to be only 0,±π

2 , or π. Lagugńe Labarthet
et al. have discussed the possibility of the displacement being
different from the above values [10–12]. This question will
be treated at the end of this section. As a result of the cal-
culation we see that by measuring the intensitiesIch and Icv
the phase shift between the two gratings can be determined. If
δ0= 0 thenIch< Icv follows, that means that the peaks of the
surface relief correspond to the horizontal polarization. For
δ0= π in contrastIch> Icv, the surface relief peaks occur on
places with vertical polarization. For a phase shift ofδ0=±π

2
both intensities should be equal.

In the section describing the experimental part of this
work we present results of the corresponding measurements
on two different azobenzene polyesters. The advantage of this
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method compared with that described in [8] is that by choos-
ing circular polarization of the readout beam the result can be
obtained by only one measurement.

In a similar way the method for the determination of∆φ
and∆ψ and their temporal behaviour [8] can be improved
in the same sense by reading out that grating with+45◦
polarization and detecting the intensities of the components
polarized in+ and−45◦ direction.

For that case the Jones vector of the beam diffracted into
the first order is obtained by

E+1= T+1

√
I0

2

(
1
1

)
=
√

I0

2

(
Aeiδ0+ B
Aeiδ0− B

)
. (11)

Now this order is split into the components polarized in
+45◦ and−45◦ direction, for that case in the experiment the
Wollaston prism has to be rotated by an angle of 45◦. In the
calculation we first consider the first component, which is
found by multiplication of the Jones vector of the diffracted
beam (11) with the Jones matrix of a linear polarizer with the
axis in+45◦ direction:

E+45◦
+1 =

1

2

(
1 1
1 1

)√
I0

2

(
Aeiδ0+ B
Aeiδ0− B

)
= Aeiδ0

√
I0

2

(
1
1

)
. (12)

The measured intensity of that component is therefore

I+45◦
+1 = I0A2= I0 [ J0 (∆φ) J1 (∆ψ)]2 . (13)

In the analogous way the component polarized in the
−45◦ direction is calculated to be

I−45◦
+1 = I0B2= I0 [ J0 (∆ψ) J1 (∆φ)]

2 . (14)

These intensities are independent of the phase shiftδ0 but
dependent on the amounts of∆φ and∆ψ. Hence the contri-
butions of the anisotropy grating and the surface relief to the
diffraction can not be separated exactly by measuring these
intensities. But appropriate approximations deliver good re-
sults with sufficient accuracy.

For small values of∆φ and∆ψ the approximation

J0 (∆φ)≈ J0 (∆ψ)≈ 1 (15)

is valid, as for exampleJ0(0.3)≈ 0.98. Furthermore the ex-
pansion of the first-order Bessel function shows that

J1 (∆φ)≈ ∆φ

2
; J1 (∆ψ)≈ ∆ψ

2
(16)

are good approximations too. So for instanceJ1(0.3) ≈
0.148.

Consequently from (13) and (14) one gets the final expres-
sions

∆φ ≈ 2

√
I−45◦
+1

I0
; ∆ψ ≈ 2

√
I+45◦
+1

I0
(17)

for the experimental determination of the phase shifts by
measuring the intensities of the beams behind the Wollaston
prism.

The curves∆φ(t) and ∆ψ(t) obtained in this way are
independent of the phase shiftδ0 between both gratings. For-
mally it would be possible to calculateδ0(t) by inserting
∆φ(t) and ∆ψ(t) into (9) or (10). Therefore the necessary
dataIch(t) andIcv(t) must be obtained under the same experi-
mental conditions as∆φ(t) and∆ψ(t). That would be related
to the calculations presented in [11] leading to displacements
δ0 different from that assumed by symmetry considerations
we made.

2 Materials

In the experiments two different types of azobenzene poly-
mers were used. The structural formulas are given in Fig. 2.
The first used polymer was a liquid crystalline polyester
with the abbreviation P6a12. The second was an amorphous
azobenzene side-chain polyester denoted E1aP.

The substantial difference between both polymers is the
existence of an aromatic ring in E1aP resulting in a stiff-
ened main-chain. Both polyesters contain cyanoazobenzene
in the side-chains. P6a12 has a hexamethylene spacer with
a dodecamethylene sequence in the main-chain. E1aP has
one methylene spacer with a partial aromatic main-chain.
The preparation of P6a12 is described in [13] where a glass
transition at 24◦C was specified. The sample used in our in-
vestigations had a number-averaged molecular massMn of
27 000and a corresponding weight-averaged molecular mass
Mw of 72 000as determined by size exclusion chromatog-
raphy (SEC) with polystyrene standards calibration. E1aP
is prepared in a similar way through melt transesterification
of 3-[4-((4-cyanophenyl)azo)-phenoxy]-1,2-propanediol and
diphenyl phthalate. The diol is synthesized by means of a base
catalyzed coupling of 4-[4-(cyanophenyl)azo]-phenol and 3-
bromo-1,2-propanediol. E1aP has aMn of 7900 and aMw
of 11 800. A differential scanning calorimetry (DSC) analysis
discloses E1aP as an amorphous material with a glass transi-
tion at 107◦C.

In the experiment an argon laser at514.5 nmwas used for
recording and aHe-Ne laser beam (633 nm) for reading out.
The absorbance of both samples at514.5 nmis less than 0.05
and less than 0.01 at633 nm. The thicknesses of the samples
were approximately2µm.

Fig. 2. Chemical structures of E1aP and P6a12
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3 Experiment

The setup used for the experimental realisation of the method
described above is shown in Fig. 3.

The polarization states of the recording beams (514.5 nm)
were adjusted in±45◦ directions by linear polarizers. The
angleθ was approximately 5◦, which is small enough to jus-
tify the application of the Jones calculus to determine the field
distribution. TheHeNeprobe beam at633 nmwas circularly
polarized by a quarter-wave plate for the determination of the
phase shiftδ0 between both gratings. For the second part of
the experiment, the measurement of∆φ and∆ψ, the quarter-
wave plate has been removed and the probe beam was linear
polarized in+45◦ direction. The light diffracted in the+1
order was split by a Wollaston prism into the horizontal and
vertical polarized components. The corresponding intensities
were measured by two photodetectors. In the second part this
prism has been rotated by 45◦ in accordance with the above
calculation.

In Figs. 4 and 5 the results concerning the phase shift
δ0 for both polymers are presented. The grating was re-
corded (start att = 10 s) for 120 swith a total intensity of
350 mW/cm2 of the argon laser beams. The illumination was
stopped att = 130 s. The intensity of the readout HeNe laser
beam was0.9 mW/cm2.

Obviously the polymers P6a12 and E1aP show exactly the
opposite behaviour. For P6a12 the curves (Fig. 4) reveal that
Ich< Icv, soδ0= 0 and the peaks of the surface relief corres-
pond to the horizontal polarization. In E1aP the peaks form up
on places with vertical polarization as can be concluded from
Fig. 5. It is remarkable that these results have been predicted
by considerations concerning the surface relief formation on
the basis of light-induced shape changes that are described
elsewhere [14].

The occurance of temporal fluctuations of the detected
intensities is believed to be due to mechanical instabilities.
As can be seen from Figs. 4 and 5 both polyesters display
a quite different behaviour in this regard. For P6a12 the fluc-
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Fig. 3. Experimental setup
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tuations appear synchronously in both componentsIcv andIch
whereas for E1aP a decrease in the horizontal component cor-
relates with an increase of the vertical one and vice versa.
This behaviour can be understood by taking into account the
different time constants for the induction of an anisotropy by
a single argon laser beam. In that case we found for a laser
intensity of about350 mW/cm2 that the process in P6a12 is
clearly slower than in E1aP. In P6a1280% of the saturation
value is reached after 30 s of irradiation, whereas in E1aP this
is already accomplished after approximately2 s.

If as a result of a mechanical concussion the field distri-
bution is shifted against the sample with a certain amount of
induced anisotropy and an advanced stage of relief forma-
tion, the orientational distribution of the chromophores will
be altered. Depending on the duration of the displacement and
the response time of the material the anisotropy at a certain
place of the sample will first be diminished due to reinclusion
of oriented chromophores in the isomerization cycles. Finally
a new anisotropy will be induced with a different direction of
the optical axis. In general the statistical shifts between the
field distribution and the sample are short-time. In P6a12 only
a temporary small decrease of the anisotropy results from that
without the induction of a new shifted anisotropy grating, so
only a decrease of the diffraction efficiency is observed simul-
taneously for both the horizontal and the vertical component.
In E1aP the photoresponse is so fast that the shifted field
distribution is nearly immediately transformed into a new
anisotropy grating that will be shifted to the surface relief.
But this phase shift dictates the ratio of the intensitiesIcv and
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Ich as outlined in the theoretical section. For example a phase
shift of π/2 means thatIcv = Ich (9) and (10). In our meas-
urement this situation is reached at aboutt = 30 s (Fig. 5).
From that consideration can be concluded that the amplitude
of the temporal shifts due to mechanical instabilities must be
in the magnitude of a quarter grating period (Λ≈ 3µm), and
therefore smaller than1µm.

The results of the measurements for the determination of
the temporal behaviour of the induction of the anisotropy and
the relief formation are shown in Figs. 6 and 7. The values for
∆φ and∆ψ were obtained corresponding to (17). Again the
exposure was started att = 10 sand stopped att = 130 s. The
laser intensities were as specified above.

The curves reveal the different temporal behaviour of the
induction of the anisotropy grating and the relief formation.
In E1aP the latter process is clearly slower, whereby the phase
shift due to the surface relief (≈ 0.35) exceeds the one caused
by the anisotropy (≈ 0.1). In other words, for short exposure
times the anisotropic grating dominates, only to be exceeded
by surface relief for larger times. This fits well with ob-
servations in other amorphous polymers [15, 16]. In P6a12
both processes are slower than in E1aP, here∆φ (≈ 0.35)
dominates in comparison with∆ψ (≈ 0.15). Using the defin-
ition ∆ψ = 2π

λ
∆n∆h, the relief height 2∆h corresponding

to a∆ψ of 0.35 is in the range of50 nm, which is a typical
value for surface reliefs in these materials under the men-
tioned experimental conditions and proves the applicability
of the introduced method. An interesting detail is that the
formation of the surface relief stops in the absence of the
argon laser irradiation, though the saturation value of the op-
tical anisotropy has been reached before (in Figs. 6 and 7 at
t = 130 s). This observation should be the subject of further
investigations.

4 Conclusions

A holographic method for the determination of the phase shift
between the anisotropy grating and the surface relief and for
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Fig. 7. Experimental curves∆φ and∆ψ as functions of time for E1aP

the measurement of the temporal behaviour of the respec-
tive contributions to the diffraction has been presented. It was
demonstrated, that occuring temporal fluctuations caused by
mechanical instabilities have no disturbing impact on the re-
sults because by a proper choice of the polarization states of
the acting waves all relevant quantities can be measured sim-
ultaneously. Experimental results obtained with two different
azobenzene polyesters have been presented. We believe that
this method can be helpful for further investigations of the
dynamic of the surface relief formation in these materials.
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