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Permanent gratings can be written in doped liquid crystals with
high dye concentration without any externally applied electric
field, using low-intensity visible light. The gratings are adaptive
as their diffraction efficiency can be easily controlled by an AC
field. The diffracted intensity could also be modulated by a
low-frequency electric field with the magnitude of modulation
decreasing for higher frequencies. The permanent gratings are
durable, remaining in the cells for over a year, even after applying
high temperatures.

Introduction

Research into photorefractive-like gratings in nematic
liquid crystals has opened up new possibilities for
their applications in photonics. Photorefractive transient
gratings [1, 2] can be an order of magnitude more
efficient than those in solid-state photorefractive
materials. Liquid crystals with dispersed polymers [3],
doped with dyes [2], fullerenes [4, 5] or with added
photoconducting polymer layers [6] show, for example,
high two-beam coupling coefficients. Permanent gratings
[7—9] are also interesting for applications in holographic
storage [10—12].

There is typically more than one mechanism involved
[13, 14] in a reorientation of liquid crystal molecules:
optical and dye-induced torques, a photorefractive
space-charge field and photoisomerization [15].
The reorientation is also determined by surface
effects [7, 16, 17]. For example, the adsorption of
phototransformed dye molecules onto the polymer
surface can give rise to a permanent alignment of
molecules [16]. In the case of high dye concentrations,
this effect of phototransformation of dye molecules
and their adsorption on the cell surfaces can
significantly contribute to the final orientation of
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liquid crystal molecules. Moreover, the surface-mediated
photorefractive effect, with its electric charges trapped
at the liquid crystal and alignment layer interface, can
also provide a strong additional contribution [18].

By doping a polymer layer with dye, gratings can be
also written directly into that layer [8, 9]. The diffraction
efficiency of such doped-polymer-mediated gratings can
be varied (but not enhanced) by application of an
AC/DC field [9]. Patterns [1, 19], written in cells without
special coating of the cell surfaces, were quasipermanent,
namely decayed over a period of a few hours [2].

Doping liquid crystals with dyes also increase their
light sensitivity and lower the intensity threshold for a
molecular reorientation [17, 20]. The dye-induced torque
can, in fact, be over two orders of magnitude stronger
than a pure optical torque [20].

In our investigations, we concentrated on liquid
crystals with high dye concentration and, in particular,
on permanent reorientational patterns that can be
written in these materials with light, in the absence of
any electric field. These permanent patterns dominate
over transient and photorefractive gratings. We tested
their durability and adaptivity, as well as their
temperature and electric field dependence.

1. Experimental Setup and Results

The liquid crystal we used was the mixture of a nematic
liquid crystal K15 (5CB) and Methyl Red dye. The
concentration of the dye in our cells was high and can
be estimated as above 2%. Initial homeotropic alignment
was achieved by treatment of the cell windows with a
lecithine solution. This was the only layer added to the
cell windows, apart from the standard transparent ITO
electrodes.
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Fig. 1. Intensity of a diffracted beam from a permanent grating

and its dependence on temperature

Holographic gratings written using the
conventional two-wave mixing technique with two
linearly p-polarized A=488 nm beams of equal intensity.
The angle of incidence of both beams was approximately
30°, and the angle between them was small, in order
to achieve grating spacings between 10 and 11 pm. No
external voltage was applied during the writing process.
The diffraction efficiency was monitored by a A=633 nm,
p-polarized, probe beam incident along the normal to the
cell’s surfaces.

Permanent gratings could be recorded with modest
writing beam intensities, namely with as low as
4 mW /cm?, provided the dye concentration in a liquid
crystal was sufficiently high. The gratings were truly
permanent as they remained in samples for over a year.
In the first stage of illumination, a transient grating was
formed that could be erased by uniform illumination.
This transient grating would turn into a permanent one
if longer writing times and higher intensities were used.
We saw no evidence for the two-beam coupling observed
previously in similar dye-doped systems [13]. This would
suggest that, in our case, the contribution from a phase-
shifted photorefractive grating was negligible. The most
important difference between our systems and those
published earlier [2, 4, 13] was high dye concentration,
and it is likely that the strong adsorption of dye
molecules on the surface reduced the strength of the
photorefractive surface-mediated space-charge field.

The intensities sufficient to write a permanent
grating were low; however, the diffraction efficiency
increased if longer illumination times were applied. One
of the advantages of using a low incident laser intensity
is the reduction of a contribution from thermal effects.
With intensities we used, there should be less than 0.5°C
increase in temperature.

were
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Fig. 2. Average diffraction efficiency versus applied AC field for
three different frequencies. The diffraction efficiency has been
normalized to the value in the absence of an applied field

In order to test the strength of the permanent
gratings, we measured the temperature dependence
of diffraction. The cell was heated to reach the
nematic/isotropic phase transition. Fig. 1 shows the
normalized intensity of the first diffracted order
and its dependence on temperature. Increasing the
temperature towards the phase transition lowered the
diffracted intensity, as expected. At the phase transition,
the diffracted intensity experienced a sudden drop.
However, in the isotropic phase, a residual diffraction
of approximately 20% of the original value remained.
When the cell was cooled to room temperature, the
diffraction efficiency recovered and, after a few hours
at room temperature, the diffraction efficiency returned
to its original value. The presence of this residual
diffraction indicates that permanent gratings develop on
the liquid crystal-ITO interface and that they impose
strong anchoring, even at high temperatures.

In the nematic phase, we were able to control the
diffraction efficiency by applying a sinusoidal electric
field; furthermore, the diffraction efficiency could be
either enhanced or reduced. Fig. 2 shows an example
of the first diffracted order intensity versus applied AC
field, for three different frequencies. The intensity shown
has been normalized and has been time-averaged over a
number of cycles of the applied field.

We found that, regardless of the frequency and the
angle of incidence, the diffraction efficiency had the same
characteristic features (Fig. 2). At first, with increasing
AC field, the diffraction efficiency decreased
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Fig. 3. Modulation of the diffracted signal by AC field. AC field of different frequencies: 0.1 Hz (a), 1 Hz (b), 30 Hz (c¢), 30 Hz (d) —

with higher resolution. AC field shown as a dashed line

significantly, almost reaching zero and then increased,
reaching a maximum which was 3—4 times higher
than the efficiency measured at zero AC field value.
The value of AC field at which a maximum and
a minimum of the diffraction efficiency are observed
depended on the angle of incidence and on the frequency
of the applied field. The same dependence on AC field
existed for a wide range of frequencies. We applied
up to 300 kHz AC field and observed a similar
enhancement, though the optimum position of peak
diffraction changed. For example, at 300 kHz, the
maximum diffraction is observed at 21 V of AC field.
This enhancement of diffraction with AC field voltage
provides an exciting option for a flexible control of
diffraction — a function that could prove invaluable in
switching applications.

The maximum diffraction efficiency, defined as the
ratio of the first diffracted order intensity versus total
incident probe beam intensity, reached 0.56% and was
measured for 5 Hz sine AC field of 6 V. This value
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compares well with the efficiency observed [21] in a
similar system (0.4 %).

Fig. 3 presents the example of a modulated diffracted
signal and an applied AC field. For low frequencies and
low voltage such as, for example, 0.1 and 1 Hz with
1V of AC field (Fig. 3,a and 3,b), the liquid crystal’s
signal response follows the applied field. However, higher
applied voltages and/or higher frequencies, such as 30
Hz, give much more complex response. This case is
shown on Fig. 3,¢, where the diffracted signal showed
a low modulation, although its intensity remained high.
Some modulation, nevertheless, exists, as shown in the
inset in Fig. 3,d, where the diffracted signal modulated at
30 Hz is plotted at higher resolution. Fig. 4 summarizes
these results, demonstrating a decrease of the diffracted
signal modulation with increasing AC frequency. Such a
dependence is expected, as the reorientation of nematic
liquid crystal molecules typically occurs on a timescale
of milliseconds, so the molecules are unable to follow the
higher frequency driving field.
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Fig. 4. Diffracted signal modulation dependence on the frequency
of applied AC field

Investigating the characteristic features of a
diffracted signal, we observed that it followed a
hysteresis with the applied AC field (Fig. 5). The
measured diffracted intensity was different if AC field
was increasing than that for the case of decreasing AC
field. The higher the frequency, the more pronounced
was the difference. However, in general, it is clear that
this hysteresis of the response is present even for very low
frequencies, as low as 0.001 Hz. These results indicate
some “memory” of the system to a previous light and
electric field exposure. The memory effect in similar dye-
doped systems has been observed and reported earlier
[22].

We have also tested the effect of applying other types
of electric field: AC field with a square profile and DC
field. In case of square AC field, a similar modulation of
diffraction was observed as for the case of a sine field.
With DC field, some increase of the diffracted intensity
was measured, but much smaller than that in the case
of AC fields.

The results on the persistence of gratings in the
isotropic phase, as well as controlling their diffraction
with an electric field in the nematic phase, confirms
earlier reports that surface-mediated effects and charges
trapped at surfaces play an important role in the
alignment of a whole bulk liquid crystal [18, 21,
22]. The reorientation of liquid crystal molecules was
explained [14, 17] by two main mechanisms: light-
induced reorientation of dye molecules that exerts a
bulk torque on the director, aligning it in the direction
perpendicular to the incident light polarization, and
phototransformation of dye molecules that adsorbed on
the cell surfaces impose a surface torque aligning the
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Fig. 5. Hysteresis of the diffracted signal intensity with the varying
magnitude of AC field for three AC field frequencies

director in the direction parallel to the incident
polarization. The final orientation of the molecules is a
result of the interplay and strength of both mechanisms.
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Moreover, the surface-localized electric field can also
provide a strong overall contribution [18]. It can be
particularly pronounced if there are ions and impurities
in liquid crystals. Photocharges that are generated in the
bulk can load the surfaces. Surface charge modulation
can also produce an electric field component, normal
to the substrates, which can drive ions towards the
boundaries where they get adsorbed and trapped. These
processes [21, 22] affect not only the orientation of liquid
crystals, but also the anchoring conditions — enabling
AC field to strengthen or weaken the light-induced
diffraction gratings.

As the exact mechanism for the behaviour of
permanent gratings we observed is not yet clear, further
experimental and theoretical studies will need to be
carried out to explain and optimize this process in
full.

Conclusions

In conclusion, we demonstrated a method of enhancing
or reducing the diffraction from permanent gratings in
highly dye-doped nematic liquid crystals. The gratings
develop on the liquid crystal-substrate interface and they
are robust and durable. Residual diffraction remains
even in the isotropic phase. The diffracted signal
efficiency reached 0.56%, a value that could be optimized
with further experimental investigations. The diffracted
signal was easily modulated by either a sine or square AC
field, with the depth of the signal modulation dependent
on AC frequency. The hysteresis of the diffracted signal
response was observed even for very low frequency AC
driving fields.
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3BIJIBIIIEHHSA AUDPAKIID HA CTAIIIOHAPHUX
T'PATKAX B PIZIKX KPUCTAJIAX 3 JJOMIIITKOIO
BAPBHUKIB ITPU ITPUKJIAJTAHHI 3MIHHOI'O
EJIEKTPUYHOTI'O IIOJIA

M. Kaumapex, P.C. Kaoni, [Jowc.P. Cambaec
Peswowme

ITepmanenTHI rpaTKku MOXKYTb OyTH 3aMHCAHI B PIAKHX KPHCTAIAX
3 gomimkamu GapBHHKIB BHCOKOI KOHIIEHTpallii 6€3 npuKjajaHHsS
Oy Ib-sIKOT'0 30BHIIIHHOTO €JIEKTPHIHOIO TOJISI 33 JOMOMOTOI0 BHIH-
MOro cBiTia HeBHCOKOI inTencusuocTi. 1li rparku € aganTuBHEMH,
OCKINbKYU TXHA gudpakiiiina epeKTUBHICTh MOXKe OyTH JIEerKO Ke-
poBaHa 3MiHHHM IOJieM. |HTeHCHBHICTH Ju@PAroBaHOrO MIPOMEHS
MOXKE TaKOXK OYyTH MOAYIHLOBAHA €JIEKTPUIHIM IOJIEM HHU3BKOI Ta-
CTOTH 3 AMILIITY 0K MOIYJISILIT, [0 3MEHIIYEThCSI [JIsI BHINUX Ya-
crot. Taki cTamioHapHi IPATKHU € CTIHKUMU, HE CTUPAIOTHCS DiJbITe
POKY HAaBITH IIiJ BIJIHBOM BHCOKOI TEMIIEPATYPH.
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