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This contribution is concerned with the exceptionally strong in� uence of smectic mesophase
formation on the optically induced orientation and on the surface relief grating formation in
a liquid crystalline melamine derivative containing azobenzene groups. We demonstrate that
the strong ampli� cation of optically induced holographic gratings by thermal treatment is
not only caused by the enhancement of photo-orientation through the mesophase formation,
but is furthermore a consequence of signi� cant ampli� cation of the amplitude of surface relief
gratings during the thermal development.

1. Introduction � rst time in calamitic side group polymers [13]. In a
It is well documented that photo-orientation of recent publication we reported that the eŒect is more

azobenzene units is induced through trans-cis-trans- general and can also be observed in hybrid materials in
isomerization cycles by irradiating liquid crystalline which the photoaddressable group (calamitic) and the
materials containing such chromophores with linearly mesogenic unit (discotic) are of diŒerent shape [14].
polarized light [1–9]. The reorientation of the chromo- Up to now the discussion on the mechanism of the
phores leads to a signi� cant optical birefringence due to thermal gain eŒect has been limited to the contribution
the large anisotropy of the polarizability of the chromo- of cooperative reorientation processes to the strong
phores. Such materials have been considered for digital enhancement of the optically induced changes. However,
and holographic optical storage. During recent years the in 1995 Tripathy and co-workers [15] and Natansohn
concept has been improved by inserting, in addition, non- and co-workers [16] discovered that irradiation of azo
photoactive calamitic mesogens into the photosensitive dye-containing � lms with an interference pattern of
material. In liquid crystalline side group copolymers of coherent light can induce not only an alignment of the
this type, the non-absorbing mesogenic group couples chromophores throughout the volume of the material,
to the light-induced reorientation of the azo chromo-

but also a controlled modi� cation of the � lm surface.
phore through dipolar or steric interactions, as was

Hvilsted et al. [17] attributed the surface relief grating
shown by a combination of UV/Vis- and IR-dichroism

(SRG) formation in liquid crystalline polymers to the
studies [10]. This ‘cooperative motion’ leads to a higher

existence of an attractive mean � eld potential between
e� ciency of the photo-orientat ion process and thus to an

the mesogenic chromophores. It is assumed that the
enhancement of the photoinduced birefringence [11, 12].

formation is the consequence of a large scale, photo-
Of special interest are systems which can be quenched

induced mass transport in the glassy state of the
into the amorphous state, for instance, by spin coating.

materials. The formation of SRGs results in a very stableIt was discovered that the cooperative interactions lead
and highly e� cient grating. This process may evento a signi� cant ampli� cation of the light-induced optical
dominate the contribution of the initially formed refractivemodulations within the amorphous � lm by annealing it
index grating originating from a reorientation of thein a temperature range above the glass transition and
chromophores [18, 19]. Surface modi� cations, as anbelow the clearing temperature. This phenomenon,
additional contribution to the observed signal enhance-denoted as ‘thermal gain eŒect’ was observed for the
ment during the thermal gain process, have thus to be

taken into account.*Author for correspondence.
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1050 A. Stracke et al.

Figure 1. Molecular structure of
the smectic trisazomelamine,
TAM.

We demonstrate in this paper that the thermal develop- be obtained. Amorphous and optically transparent � lms
were prepared by the spincoating technique. Thesement of a photoinduced grating in a low molecular mass

liquid crystal will lead to a strong ampli� cation of the � lms (with a thickness of 0.4–2 mm) show no detectable
birefringence up to 109 ß C on heating, indicating thatoptical signal, and we give evidence that this is due

to an induction or enhancement of a periodic surface the formation of the LC phase is kinetically suppressed
up to this temperature.modulation. The eŒect is characterized in detail by means

of birefringence measurements, holographic grating
experiments and surface pro� le analysis. 2.2. Optical investigations

For birefringence and holographic grating experi-
ments we used the identical geometric arrangement of2. Experimental procedures

2.1. Sample preparation the writing beam and sample position as that sketched
in � gure 3.The investigated liquid crystalline model compound

trisazomelamine (TAM) consists of a triazine core, linked The writing beam propagate s in the z-direction and is
y-polarized (s-polarization) . We used s-polarized writingto three rod-like azobenzene units bearing a C12-alkyl

chain (� gure 1). beams to minimize the eŒect of SRG formation during
the writing process at room temperature. It is knownThe compound is isotropic above 239 ß C and, on

cooling, a nematic phase is observed which changes to that s-polarized beams induce only weak or even no
surface gratings at least in polymers [21, 22]. It has,a smectic phase below 221 ß C. The synthesis and a

detailed characterization of the mesophase behaviour of however, to be pointed out that the low molecular mass
compound TAM shows, even under these conditions, aTAM and a number of homologues have been reported

previously [20]. Figure 2 gives an illustration of the strong tendency to form surface gratings. The temper-
ature dependence of the light-induced optical changesstructural model of the smectic phase as suggested

in [20]. was investigated by placing the sample inside a heating
cell, allowing temperature dependent measurements inDepending on the cooling rate, both a smectic glassy

state state (Tg 5 32 ß C) or an amorphous glassy state can the range 25 to 250 ß C with heating rates between 2 and
500 ß C h Õ 1 and a precision of Ô 1 ß C.

2.3. Photoinduced birefringence
In order to study the kinetics of photoinduced

reorientation of the azo groups and the in� uence of tem-
perature on the induced optical changes, we measured the

Figure 3. Geometry of the writing process (W 5 polarization
of the writing beam, R 5 polarization of the probe beam,

Figure 2. Model of the smectic layer structure for TAM. c 5 angle between polarization directions of W and R).
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1051Optical storage in a smectic mesophase

time dependence of photoinduced birefringence under between the sample and the analyser. The slow axis of
this device has to be at an angle of 3/4p with respectirradiation with linearly polarized light of a cw argon

ion laser operating at l 5 488 nm. The birefringence to the polarization direction of the writing beam, and
the analyser must be rotated by an angle a relative to thewas derived from the intensity of a HeNe probe beam

(l 5 633 nm) which passes through crossed polarizers crossed position [23]. The birefringence can then be
calculated from the measured intensity of the probewith the sample positioned between the polarizer and

analyser (� gure 4). beam by:
The photoinduced orientation of the rod-like chromo-

phores along a preferred direction causes a phase shift Dn 5
lHeNe
pd Carcsin A DI

d
KAI0

1 sin2 aB1/2
Õ aD

in the probe beam and so it has a non-zero intensity
after passing the crossed polarizers. The photoinduced with DI

d
5 I(t) Õ I(t 5 0 ). (2)

birefringence Dn can then be calculated from the
transmitted intensity of the HeNe beam by: 2.4. Holographic grating experiments

The set-up of the holographic grating experiment is
sketched in � gure 5. Intensity gratings with a gratingDn 5

l
HeNe
pd Carcsin A I

K
A

I
0
B1/2D . (1)

constant L 5 5.1 mm were obtained by the interference of
two coherent linearly polarized laser beams in the planeThis simple method of determining the photoinduced
of the sample. We used a cw argon ion laser operatingbirefringence is, however, not sensitive to the sign of
at 488 nm. The resulting refractive index modulationDn. By de� nition, the photoinduced birefringence has a

negative sign for the photo-orientation in calamitic
n(x) 5 n0 1 n1 cosA2px

L B (3)systems (Dn 5 n
y

Õ n
x
, with n

x
> n

y
after the reorientation

is completed). This problem can be overcome by placing
was read out via the diŒraction of a HeNe laser beama quarter wave plate in the pathway of the probe beam,
at 633 nm. The experimentally obtained diŒraction
e� ciency is directly related to the induced refractive
index modulation:

g 5
I
I0

# sin2A pn1d
lHeNe cos hHeNe

B (4)

which in turn is related to the induced orientational
order of the optical axes of the azo dyes.

We employed a polarizing beam splitter and half wave
plates in order to achieve equal polarization directions
for the writing and reading beams, as well as two writing
beams of equal intensity. A motor-controlled half wave

Figure 4. Set-up for the measurement of photoinduced
plate located in the pathway of the HeNe probe beambirefringence (Pol 5 polarizer; Sh 5 Shutter; F 5 � lter;
allowed the characterization of the grating’s anisotropyBS 5 beamsplitter, l/4 5 quarter wave plate; D0 , D1 5

detectors). by rotating the polarization plane of the reading beam

Figure 5. Set-up of the holographic
grating experiment (Pol 5 polar-
izer; F 5 � lter; Sh 5 Shutter;
BS 5 beamsplitter; PolBS 5
polarizing beam splitter; M 5
mirror, l/2 5 half wave plate;
D0 , D1 5 detectors; the arrows
denote polarization directions
within the xy-plane).
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1052 A. Stracke et al.

through an angle c. Moreover, this feature enabled 3. Results and discussion
us to calculate the photoinduced birefringence from When irradiated with linearly polarized light, a stable
the diŒraction e� ciencies in the parallel position of the optical birefringence can be induced in an amorphous
writing and reading polarization (g

y
, c 5 0 ß ) and in the � lm of TAM. As mentioned above, the sign of the

perpendicular position (g
x
, c 5 90 ß ): photoinduced birefringence is negative. Figure 6 shows

the time evolution of the negative birefringence using
Dn 5 2n1,x 1 2n1,y . (5 )

irradiation with a power of 990 mW cm Õ 2 .
All � lm samples investigated belong to the range of thin The writing process leads to remarkably high Dn
gratings. Therefore the refractive index changes n

1,x
and values of up to 0.16. Yet one has to take into account

n1,y can be calculated from the diŒraction e� ciencies by the fact that the isomerization kinetics of the donor–
using the following equation, which is derived from the donor substituted azo chromophores are rather slow. In
Bessel function, describing thin gratings [24]: particular, the thermal cis-trans back isomerization is

known to be of the order of k 5 4 e Õ 4 for p,p ¾ -amino-
alkoxy substituted azo dyes [25]. This leads to a relatively2n1#

lHeNe
pd

1.171 arcsin(1.7185 Ó g ). (6)
high content of cis-isomers in the photostationary state
(about 30%, when irradiated with 488 nm [26]). The

2.5. Surface pro� le analysis
cis-species will also contribute to the induced birefringence.

The surface pro� le measurements were performed
Nevertheless, the photoinduced birefringence was

with a Dektak pro� le analyser (Dektak3ST, Veeco)
found to be stable and no signi� cant back relaxation of

and an atomic force microscope (AFM, SA 1/BD 2,
the signal was observed at room temperature during the

Park-Scienti� c Instruments) .
� rst hours after switching oŒthe writing beam. Thus,

by interference of two s-polarized writing beams one is
able to store a stable holographic grating in the TAM

material. This is obvious from the growth curve of the
grating in terms of the diŒraction e� ciency shown in

� gure 7 (a). Figure 7 (b) displays, in addition, the polar
diagram of the diŒraction e� ciency as controlled by the

photoselection.
Using equations (5) and (6), Dn values were calculated

from the diŒraction e� ciencies. These agree with those

of the birefringence measurements within the limits of
experimental error. This is a strong indication that the

contribution of SRG formation to the overall birefrin-
gence in the grating experiment is rather small. However,

rotation of the polar diagram by about 8 ß indicates aFigure 6. Negative photoinduced birefringence as a function
of time; irradiation with 990 mW cm Õ 2 . coupling of the refractive index grating to a periodical

(a) (b)

Figure 7. (a) Holographic growth curve for three diŒerent angles of reading beam polarization. (b) Polar plot for the angular
dependence of the diŒraction e� ciency.
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1053Optical storage in a smectic mesophase

surface modulation as discussed in [24] and [26], see this equation to analyse the in� uence of temperature
on the angular dependence of g. For this purpose we� gure 7 (b). Indeed, the surface pro� le analysis gave

evidence for weak sinusoidal surface modulations, even recorded a grating at room temperature and determined
the e� ciency as a function of c at several temperatures.when the sample was irradiated with s-polarized beams

at medium intensities (< 500 mW cm Õ 2 ). We evaluated the temperature dependence of the shift
angle c0 and of the ratio of anisotropy qaniso 5 gmin/gmax
by equation (7) to make the � t. The results are plotted3.1. T hermal treatment

The e� ciency of the photoinduced grating can be in � gure 9.
Obviously the axis of anisotropy is not reorientatedraised signi� cantly without any additional irradiation

by heating the sample above the glass transition as is gradually, but within a small temperature range near
53 ß C. At the same temperature the anisotropy of theobvious from Figure 8.

In the following we will point out the three main grating increases. As no signi� cant changes of the
irradiated surface could be detected after the thermalcharacteristic features of the observed eŒect.
treatment below 70 ß C, we speculate that the changes in

(A) Region of axis reorientation: the axis of anisotropy
the anisotropy of the grating are caused by a molecular

is already turned by nearly 90 ß before the optical
reorientation of the chromophores. However, temper-

signal increases.
ature dependent measurements of the photoinduced

(B) Region of gain: the e� ciency is raised by up to
birefringence show no signi� cant changes of Dn and the

two orders of magnitude above a temperature of
sign remains negative during the thermal treatment up

about 80 ß C.
to 70 ß C. To judge these results, we have to keep in mind

(C) Region of gain collapse: the e� ciency rapidly breaks
that in the birefringence measurement only the optical

down above a temperature of about 110 ß C.

It should be mentioned that the observed gain process
is dependent on the heating rate: the location of axis
reorientation, gain maximum and gain collapse on the
temperature scale can be shifted by several Kelvin, but
they are reproducible for the same heating conditions.

3.1.1. Reorientation of the optical axis
The angular dependence of the diŒraction e� ciency

can be described as follows:

g(c) 5 g
min 1 (g

max
Õ g

min
) cos2 (c Õ c

0
) (7 )

where gmin and gmax are the minimum and maximum
e� ciencies, respectively. c0 denotes the shift angle of
maximum e� ciency relative to the 0 ß position. We used

Figure 9. (a) Shift angle c0 and (b) ratio of anisotropy qaniso 5
Figure 8. Thermal development of a photoinduced grating gmin/gmax of a photoinduced grating as a function of

temperature.(heating rate 11 ß C h Õ 1).
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1054 A. Stracke et al.

changes of the irradiated area are monitored, whereas which is far above the saturation level of the refractive
index grating [15, 19]. Indeed, we obtained evidence forin the grating experiment both illuminated and dark

areas contribute to the detected signal. The possibility thermally induced changes of surface modulations by
surface pro� le measurements. We measured the surfaceof thermally induced reorientation in the non-irradiated

areas of the grating will be discussed later. of an irradiated sample for this purpose, heated it at a
constant heating rate to the temperature of the gain
maximum and subsequently froze it in by rapid quenching.3.1.2. Region of gain

The enhancement of the grating’s e� ciency can be The nearly unchanged value of the diŒraction e� ciency
after cooling indicated that no signi� cant changes of thequanti� ed by de� ning a gain coe� cient g. In [27] the

gain coe� cient is de� ned as the ratio of the measured grating occurred during the quenching. Figure 11 shows
a comparison of a photoinduced SRG pro� le and thee� ciencies after writing and thermal treatment. In view

of the strong changes of the grating’s anisotropy during same grating after the described annealing process.
This experiment gives evidence for a strong ampli-the gain process, in our case it seemed more appropriate

to relate the gain coe� cient to the birefringence of the � cation of the surface modulation amplitude during
the annealing process. In the example considered heregrating:
the surface depth is changed from 20 nm after writing to
200 nm after the thermal development. The periodicityg

Dn
5

Dnmax
Dn

wrt
. (8)

amounts in both cases to 5 mm. This value thus corre-
sponds to the grating constant of the holographic writingWe investigated the dependence of the initial writing
geometry. Strong surface modulations can be achievedconditions on the ampli� cation of the signal, using
even if only a very weak surface grating is producedequations (5) and (6) to calculate Dn from the measured
optically: Figure 12 (a) shows the thermally induced increasee� ciencies. The gain coe� cient is plotted in � gure 10
of the e� ciency of a grating with a surface modulationversus the photoinduced Dn of diŒerent gratings recorded
depth of initially less than 5 nm. After the thermal treat-at room temperature.
ment the modulation depth of the remaining grating isAfter passing a threshold of Dnwrt 5 0.02, the highest
found to be more than 400 nm, � gure 12 (b).gain coe� cient of about g

Dn
5 10 will be obtained if

the photoinduced grating is far from saturation. As
3.1.3. Collapse of the gain signalmentioned above, the gain process is dependent on the

To understand the sudden breakdown of the gainheating rate and the maximum value of Dn in the gain
signal we have to keep in mind that the smectic meso-region can be increased up to 0.5 by using a slow heating
phase is kinetically suppressed in the glassy state ofrate (<20 ß C h Õ 1 ). This value is even higher than expected
the amorphous prepared � lm. Temperature dependentfor a monodomain formation of the calamitic groups
birefringence measurements without previous irradiationand thus cannot be explained only by a reorientational
revealed that the birefringence due to the rearrangementsprocess of the mesogenic chromophores. On the other
of the liquid crystalline mesogen and the texture formationhand, it is known that the formation of sinusoidal surface

modulations will result in a high diŒraction e� ciency

Figure 11. Pro� le scan of the surface modulation after
irradiation and after thermal development into the gain

Figure 10. Gain coe� cient g
Dn

as a function of the photoinduced region (curves are shifted horizontally and vertically with
respect to each other for better comparison).birefringence in a holographic grating.
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1055Optical storage in a smectic mesophase

However, even above 110 ß C a grating remains with
an e� ciency comparable to that of the initial photo-
induced grating, but with the axis of anisotropy being
reoriented. The pro� le analysis showed a strong irregular
modulation of the � lm surface outside the irradiated
area, indicating the formation of ordered domains [28]
during the annealing process above 110 ß C. These � nd-
ings are in agreement with investigations of Ramanujam
et al., who studied the changes of surface modulations
and roughness of a low Tg liquid crystalline polyester
as a result of ordering processes [29]. Obviously, the
orientated chromophores as well as the regular surface
modulations are strongly disturbed by the reorganization
of the mesogens, giving rise to an increase in � lm
toughness and a partial loss of the macroscopic preferred
orientation of the photoaligned groups.

3.2. Qualitative interpretation of the � ndings
The observed thermally induced change of anisotropy

of the grating may be explained by a thermally induced
reorientational process of the calamitic azo chromo-
phores. Keeping in mind that no change to a positive
sign of the photoinduced Dn is observed during heating,
we have to exclude an in-plane reorientation of chromo-
phores in the illuminated areas of the grating, as can

(a)

(b)
be shown by considering orientational factors in the

Figure 12. (a) Thermal development of a photoinduced grating photoselection model [9, 30].
with only weak surface modulations (< 5 nm); (b) AFM Here the isotropic starting condition of the photo-
image of the irradiated area after thermal treatment.

selection can be described in this context by the three
orientational factors K

x
, K

y
and K

z
:

increases rapidly at about 110 ß C. At the same temper-
K

x
5 K

y
5 K

z
5 1/3. (9)ature, the e� ciency of the thermally developed grating

and the value of the photoinduced birefringence for a Using y-polarized light we obtain for the photoaligned
single laser spot irradiation decrease strongly, as can be end condition of the illuminated areas:
seen in � gure 13.

K
y

5 0; K
x

5 K
z

5 1/2. (10)

The orientational factors can be related to the order
parameter S

S
i
5

3
2

K
i
Õ

1
2

, with i 5 x, y, z (11)

which is proportional to the photoinduced birefrin-
gence. So, in principle, the orientational factors can be
related to the measured refractive index changes n1,x
and n1,y of the grating experiment. Notice that only the
relative changes between the orientational factors in
the illuminated and in the dark areas contribute to the
measured refractive index change, and that no change
in the sign of birefringence can be detected by measuring
the diŒraction e� ciency.

Using this concept, the 90 ß shift of the grating’s aniso-
Figure 13. Temperature dependence of the birefringence for

tropy can be explained by a homeotropic rearrangementan isotropic � lm (top), for a photo-orientated sample
of chromophores in the non-irradiated areas of the(middle) and of the diŒraction e� ciency for the case of a

grating (bottom). grating. This would lead to the situation that g
y

< g
x
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1056 A. Stracke et al.

and is accompanied by an increase of the anisotropy, a side-by-side orientation according to the grating
vector [17]. The liquid crystalline potential can thus actas schematically sketched in � gure 14 (a). Figure 14 (b)

shows the corresponding results on the thermally attractively along the x-direction (parallel to the grating
vector). It thus supports the migration process which willinduced change of anisotropy, which � t very well with

the qualitative picture. The molecules may be forced lead to the formation of surface gratings. Although our
arguments can explain the � ndings at least qualitatively,into the homeotropic order by the additional volume

requirement of the photoinduced isomerization inside additional experiments such as SNOM and X-ray analysis
must be performed to test our results and obtain a morethe neighbouring irradiated areas. Although such an

induced pressure gradient [31, 32] has to exist already detailed understanding of this phenomenon.
during the writing process, the instant reorientation in
the dark areas may be restricted for kinetic reasons and 4. Conclusions

We have demonstrated that the ampli� cation of theit can thus take place only at higher temperatures.
The homeotropic order of the chromophores gives, contrast of photoinduced gratings by thermal develop-

ment of a liquid crystalline sample quenched into theaccording to the theoretical models, a good starting
point for the formation of strong surface modulations: amorphous state is due not only to an enhancement of

photo-orientation in the LC phase, but is moreover aA high concentration of molecules is characterized by

(a)

(b)

x = z = 1/2
y = 0

x = z = 1/2
y = 0

x = y = 0
z = 1

x = y = z = 1/3

Figure 14. (a) Illustration of the thermally induced reorientation of chromophores into the z-direction within the non-irradiated
regions of the grating and the consequence for the orientational factors. (b) Experimental � ndings for the thermally induced
reorientation of the axis of anisotropy of the grating.
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