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Electrically Tunable, Optically Induced Dynamic and
Permanent Gratings in Dye-Doped Liquid Crystals

Malgosia Kaczmarek, Min-Yi Shih, Roger S. Cudney, and lam-Choon Kkelow, IEEE

Abstract—We report on further experimental studies of the ac  orientation of liquid crystal molecules: optical and dye-induced
field response of transient and permanent gratings written with  torque, a photorefractive space-charge field, and photo-isomer-

visible light in both planar and homeotropic, dye-doped liquid ;. + o _ ;
crystal cells. It is found that the diffraction efficiency of these ization [1], [15]. The dye-induced torque [16]-{18] can, in fact,

gratings can be controlled by the applied ac field. High ac frequen- be over two Ordgrs of magnit_Ude s.tronger than the pur(? optiqal
cies can switch off diffraction completely in both permanent and torque and dominate the reorientation process. The reorientation
transient gratings. The response time to the applied electric field can also be strongly influenced by surface effects [19]-[23]. Ap-
is shown to be in the range of milliseconds. Permanent gratings plying different layers, such as specially treated polymers, for

persist for months and, when heated above the liquid crystal eyample, to substrates of a liquid crystal cell can vary the de-
phase transition temperature, they can be only partially erased.

Furthermore, on cooling the diffraction efficiency can be restored, gree of surface anchqung. Surface memory Of.SUCh Iayer§ C_an
indicating a strong anchoring at the boundaries of the cell. lead to strong anchoring and permanent ordering of the liquid
- : crystal molecules. For example, adsorption of phototransformed

Index Terms—tiquid crystals, transient and permanent grat- d | | to th | f f di
ings, ac field enhancement, switching, refractive index change. ye mo eFU eslon 0 ne p°_ ymer sur ac? cau_ses suriace-medi-
ated reorientation of the director and gives rise to permanent

alignment of molecules [1], [13], [20], [23].
. INTRODUCTION Polymers that were used for this purpose include photosensi-

N recent years, the discovery and research into laser indu¢§ polymer layers [20] or an isotropic polymer layer (such as

gratings in nematic liquid crystals [1] has opened up ne®RVCN., for example) containing a small amount (0.5%—1%) of
possibilities for their applications in, for example, optical imagBhotosensitive agent, such as an azo-dye [13], [20]. Moreover,
and laser beam processing. Photorefractive-like patterns cregtédloping a polymer layer with dye, such as azo-dye, gratings
in dye-doped nematic liquid crystals [1]-[9] are an order &N be also written directly into that layer [20]. It was also shown
magnitude strongefAn = 7 x 10~3) than in the best con- that_the diffraction e_fficiency of such doped—polymetr—m.ediated
ventional photorefractive materialg\n = 2 x 10~*) with ~gratings can be varied (but not enhanced) by application of an
no applied electric field. Liquid crystals doped with dispersedc/dc field [12], [24]. Patterns [3], [23] written in cells without
polymers [7] dyes, fullerenes [8], [10], or with added photospecial coating of the cell surfaces persisted in time, but typi-
conducting polymer layers [9] show record high two-beam coGally decayed over a period of a few hours. Dopants can also be
pling coefficients. Two-beam coupling gain coefficients as higﬁdded directly to the liquid crystal itself to prolong the lifetime
asI’ = 2600 cm~ in polymer-dispersed liquid crystal struc-Of a grating. Permanent patterns [10] in fullerene-doped liquid
tures [7] and” = 2890 cm™? in fullerene-doped liquid crystals crystals (0.05% of C60) were created with the assistance of a dc
[8] have been achieved with relatively small dc voltages of 0.1-figld. However, when the dc field was switched off, the diffrac-
V.um~t. Permanent gratings [1], [2] can also be created and di@n efficiency decreased.
particularly interesting for applications as high-resolution holo- !N this paper, we present the results of further experimental
graphic patterns [11]—[13]. studies of hitherto unexplored ac field effects on the diffrac-

Doping liquid crystals with dyes increases their light sensflon of transient and permanent gratings written in dye-doped
tivity and lowers the intensity threshold for molecular reorierfleématic films. Permanent gratings are particularly promising,
tation [14], resulting in the largest optically induced refractiv@s they are stable and robust, and exhibit a residual diffraction
index changing coefficient known to date. In doped liquid crygibove the nematic-isotropic phase transition temperature. We

tals, there are typically several mechanisms involved in the @&monstrate that an externally applied ac field can enhance the
permanent grating diffraction efficiency and also switch diffrac-
tion on and off in both transient and permanent gratings.
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Fig. 1. (a) Chemical structure of Methyl-Red (4-dimethylaminoazobenzene-2'-carboxylic acid). (b) Chemical structure and phase transition of

pentyl-cyano-biphenyl (5CB) liquid crystal.
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Fig. 2. Schematic diagram of experimental geometry to write gratings. The example shows a planar cell with a dye-doped liquid crystal.

The chemical structures of Methyl Red and 5CB are shown\vas monitored by a He-Ne\[= 633 nm] probe beam. At the
Fig. 1. Planar samples were made by putting dye-doped ligyicbbe wavelength (633 nm) and in the most heavily doped sam-
crystal into 10-25:+m-thick planar-alignment glass cells, inples (2% of methyl red) the absorption coefficient was about 20
which the inside surfaces are coated with a thin rubbedPVAmM™!, and 416 crm! at the writing beam wavelength of 488 nm.
layer. Homeotropic samples were made by treatment of the dellother words, the probe beam does not cause any appreciable
windows with a HTAB or lecithine solution. These were theffect on the grating.
only layers added, respectively, in homeotropic or planar sam-In our experiment, we observed that permanent gratings
ples, to the cell windows apart from the standard, transpareain be written in both planar and homeotropic samples, pro-
ITO electrodes. Samples doped with 2% concentration dygled the dye concentration and laser beam intensities were
exhibit an absorption coefficient of 416 crh at the writing sufficiently high. In the first stage of illumination, a transient
beam wavelength (488 nm). grating was formed. This transient grating would evolve into a
Fig. 2 presents a schematic diagram of the experimental germanent one if prolonged writing times and/or higher inten-
ometry and alignment of molecules inside a cell in the case sifies were used. For example, in heavily doped homeotropic
a planar sample. Transient gratings were written with two coells using low-intensity writing beams with a total intensity
herent writing beams derived from a-Adaser ¢ = 488 nm), of 3 mW/cn¥, it took about 300 s to record a permanent
each with a power of a few milliwatts and a beam diametgrating (grating spacing 1&m). For higher intensities, such
of 3 mm. The diffraction efficiency of both types of gratingsas 17 mW/cr, the writing time could be as short as 1 s. With
even higher intensity, the writing time could be reduced to
IPolyvinylalcohol, Kodak. nanoseconds [25]-[27], although in this case, laser induced
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thermal/density effects could also contribute to the gratingm optical modulation factor of the writing beams in-
formation besides the mechanims mentioned above. tensity grating

In order to test the robustness of permanent gratings, wey = 27 /A—magnitude of the grating wave vector;
measured the change in light diffraction with temperature by ¢ coordinate along;

heating the sample above the nematic/isotropic phase transi¢;, —s,) conductivity anisotropy.
tion. Increasing the temperature toward the phase transitio e1—e2) dielectric anisotropy.
decreases the diffracted intensity. At the phase transition,Note thatE

the diffracted intensity experiences a sudden drop, but even _ o4), which depends on the writing beam intensity. On

in the isotropic phase there remains a residual diffractque other handE., and E. are proportional to the applied

indicating the strength of surface anchoring. On cooling “?Reld E.,m (usually a dc field or low-frequency ac field), as
liquid crystal to room temperature, the diffraction efficiency, 4| o5 g

recovers, but follows a hysteresis curve. It takes a few ho‘trﬁarge fields act along the grating vectori.e

for the diffraction efﬁciency to be restored to its. (_)riginal valuethe applied field direction [along]. Accordingly, as the ap-

In the case of homeotropic samples, both writing beams hgghj fie|d is increased, these space-charge field strengths also

to be p-polarized. Diffraction was measured with either g, ease and the director axis is increasingly reoriented, as illus-

p-polarized or circularly polarized probe beam. No diffractiofa4e in Fig. 3(a)—(b). Upon further increases in the applied field

was obse_rved for_ a_a-polanzed probe be_am. No gratlr_lg Wa%trength, the reorientation will finally reach an optimal value

observed if the writing beams wesepolarized, irrespective of . oqhonding to the maximal space charge field strengths al-

the probe polarization. No external ac or dc voltage had to g, e by the molecular parameters. Beyond this value, further

applied during the writing process. increases in the applied field will simply increase the applied

field strength in thez direction, which tend to realign the di-
[ll. SWITCHING AND ENHANCEMENT OF DIFFRACTIONWITH  rector axis and, thus, diminish the reorientation effect 3(c)—(d).

APPLIED FIELDS Equally important to note is that the enhancement of the

As reported in earlier studies [14], [28], [29] of methyl_red_space-charge field reorientation effect (i.e., the grating diffrac-

doped nematic liquid crystals (MRNLC), these films exhibiton &fficiency) will be significant only if the applied field is
unusually large static space charge fields and photo-voltagB<dc field or low-frequency ac field, so that the ionic flows
Under an optical intensity of 1 mW/cmphoto voltages of sev- and space charge accumulation can follow the field. Above the
eral millivolts are produced. Also, the materials become mofélt0ff frequency, we expect the enhancement to be reduced.
conductive. These photo-induced space charge fields, in cdfiS Was, indeed, observed in the ac field and dc field effect on
junction with an applied dc or low-frequency ac field, have bedh€ transient grating as reported previously [1], [14]

shown to play an important role in initiating the director axis re-

orientation [2]-[5] besides the inter-molecular torque produced V. PERMANENT GRATING AND THE AC FIELD EFFECT ON

by the excited dye dopant moleculéscordingly, we expect THEIR DIFFRACTION EFFICIENCY

that that an applied field will influence the reorientation grating

and therefore the grating difiraction efficiency. hprrocess of dye molecules can become quite significant. For

The effects of externall_y applied fields can be de_du<_:ed furt gxample, when investigated under a polarizing microscope, the
from the space-charge fields. There are three principal contl

buti Oneis th | bhotorefracti hargeHeld Eérmanent gratings we created in 2% dye-doped homeotropic
utions. Lne IS the usua; pnotoretractive space charg - amples exhibit a structure of unperturbed homeotropic align-
due to optically induced charged ions separation [5], and t

; . ) _ . “ment and reoriented, planar-like alignment of molecules. The
other two,EA,, andE 4., arise from the reorientation grating in

i X . X . . ) . rientation of molecules toward planar alignment indicates
conjunction with the dielectric and conductivity anisotropies qf, strong contribution from phototransformed, adsorbed
the nematic liquid crystals [2]—-[4], [30], as follows: '

molecules in spite of the initial, strong homeotropic anchoring

on both surfaces of the cells. Large dye concentrations and,

Epy = qumkyT[(0 — 0a)/(2¢0)] cos(g€ — 7/2) (1) therefore, significant adsorption on the surfaces is most likely

Ens = Eappi[(01 — 02) sinf cos 8] /[0 sin 20 + o5 cos 26] to be responsible for this light-induced alignment [11]-[14].

(2) The final configuration of molecules was stable, showed no
changes with time for months and could not be erased by
uniform illumination, an applied field, or heating.

®3) Surface effects are so strong that we were able to record two
superimposed permanent gratings with 10- andufrilspac-

pL IS proportional to the conductivity difference

., transverse to

In heavily dye-doped samples, the phototransformation

En. = Eappi[(e1 — €2) sin 6 cos 0]/[e1 sin 20 4 &5 cos 26]

where ings, perpendicular to each other. In this case, the diffraction
ke Boltzmann constant; pattern consisted of a 2-D pattern of spots. Under a polarizing
o illuminated conductivity; microscope, we observed a grid structure of the 2-D permanent
o4 dark state conductivity grating. This result suggests that complicated patterns of at least
v =Dy —-D_)/(Dy +D_); 100 lines/mm can be stored permanently.

Dy, D_ diffusion constants for the positively and nega- When investigating how an applied ac field affects perma-
tively charged ions, respectively. nent gratings, first we considered gratings in heavily doped
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Fig. 3. Change in liquid crystal director axis orientation grating with electric field applied to the cell. The reorientatiod @ first enhanced, then (b)
reaches a maximal value, and then (c) and (d) diminished as the applied field {adimegtion) is increased.

g

homeotropic samples. We monitored the power of the fir _
diffracted order and how it can be controlled by an external 2
applied sinusoidal electric field. For very low frequencies, u =
to a few Hertz, the diffracted power was modulated by the i 8
field and followed its variations. However, the most interestinzg
feature was that the diffraction efficiency can be both enhanc £ o -
and reduced depending on the voltage and frequency of '<
ac field. Fig. 4 shows the variation of the intensity of the firs £ o4
diffracted order with the voltage of the ac field for diﬁerenwg
frequencies. The angle of incidence of the reading beam wzg ,
zero. The measured diffraction intensity has been time-avera¢z
over a number of cycles of the applied field. For clarity, onljg
data for three frequencies are shown. In general, the diffracti”

efficiency exhibits interesting nonmonotonic behavior: as tr 0 s o Is 2

ac voltage increases, the diffraction efficiency falls below tt AC voltage [volts, peak-to-peak]

zero-field value and then increases, reaching a maximum which - o _ _ o
can b(?, i_n tum’, much _Iarger than the_ Zerq_ﬁel,d Va'“,e- Thggﬁettrolsir::hsgfn?lg]neenrft g:atcii:gzﬁgOZrLAueggtlﬁglc?legﬁgpsgggg iﬁccgﬁlr?arligon
behavior is consistent with the explanation given in conjunctigfithe diffraction efficiency in the absence of an applied field.

with Fig. 3(a)—(d). The location of the maximum and minimum

of the diffraction efficiency depends on the voltage and on the\ye 150 explore the possibility of switching the diffraction
frequency of the applied field. For example, a_t 1 kHz gnd at F'?)Petween the minimum and maximum value, this time by
optimum voltage of 4 V (peak to peak), the diffracted intensity,anging the voltage of the applied ac field. Fig. 5(a) presents
can be increased by a factor of 3.5 as compared with the casgf change in the diffraction efficiency when 1-kHz ac field
no appheq fle!d. Diffracted intensity can ?'SO reach a minimuig,s switched from the voltage where diffraction was minimum,
at 2 V Wh'ICh is glmost an order of magnitude smaller than ﬂ?\%mely 2 V, to the voltage where diffraction was optimum,
zero field intensity. namely 4.5 V. Fig. 5(b) presents the opposite case, namely

—
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Fig. 7. Switching diffraction on in planar, permanent gratings. ac field

(b) amplitude (peak to peak) is 8 V and the field’s frequency changed from 4 MHz
Fig.5. Switching between (a) minimum diffraction and maximum diffractioio 400 Hz. The scale is 200 ms per division.
(b) between maximum and minimum, by changing the amplitude of the ac field
from 2 to 4.5 V (and from 4.5 to 2 V) for 1-kHz ac frequency.

—@— AC voltage = 0V
« O ACvoltage = 9V

switching the optimum diffraction off. As can be seen, the
switch-on time is much faster and monotonic, namely abou
73 ms, than the switching-off time, which reaches steady stat
only after approximately 2 s.

We also investigated the response to high ac frequencies. W\ 5
observedthat, inamanner similar to the case of transientgratin¢5 04}
[1], diffraction disappears at high frequencies. Fig. 6 presents th &
case of diffraction from a permanent, planar grating. The powe g o2}
of the first order with an ac field applied has been normalized tc§
its power in the absence of the applied field giving the enhance |
mentfactor duetothe acfield. As canbe seen, the enhancement ' ‘

. . . 0 20 40 80 80 100 120 140 160 180 200
diffraction for ac frequencies up to 40 kHz can exceed a factor o
4. Around 100 kHz, there exists a region of instability indicated
by large error bars. Above 1 MHz, diffraction is switched off. Thé&ig. 8. First-order diffraction dependence on the polarization of the incident
speed of switching from the enhanced to zero diffraction is showf¢Pe Peam with and without applied ac field.
in Fig. 7, for the case when a constant voltage (8-V peak to peak)
acfield appliedto the liquid crystal cell had its frequency changés: confirmed. Fig. 8 presents the results of diffraction sensitivity
from4 MHzto 400 Hz. As observed before, the switching ontim® the polarization of incident probe light. It shows the normal-
is faster than the switching off time. ized diffraction with and without an ac field applied for various

We also checked the possible contributions from thermal éficident probe polarizations from permanent gratings in heavily
fects. With the low powers we used, there should be less thdmped, homeotropic liquid crystal cells. As stated earlier, these
a 0.5°C increase in temperature. This negligible heating effegtatings were written imp-polarized 488-nm beams and max-
should not, therefore, affect the gratings formation and diffracnum diffraction was observed for thepolarized probe beam.
tion. Moreover, the induced grating is probe polarization depeHowever, the dependence of diffraction on probe polarization
dent and, therefore, its origin due to the orientational effect cafso depends on the applied field. When the ac field is present,

06 |

order diffraction

Angle of polarisation [degrees]
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diffractions becomes more sensitive to minute deviation fromi11] W. M. Gibbons, T. Kosa, P. Palffymuhoray, P. J. Shannon, and S.-T. Sun,
p-polarization. “Continuous gray-scale image storage using optically aligned nematic

liquid-crystals,”Nature vol. 377, pp. 43—46, 1995.

As with transient gratings [1], we can adapt and control thg12] s.-T. sun and W. M. Gibbons, “Optically generated liquid-crystal grat-
diffraction by simply changing the frequency of the ac field. ings,” Appl. Phys. Letf.vol. 65, pp. 2542-2544, 1994.

This enhancement of diffraction and switching it on and off13]

F. Simoni, O. Francescangeli, Y. Reznikov, and S. Slussarenko, “Dye-
doped liquid crystals as high-resolution recording med@pt. Lett,

with ac field voltage and frequency provide a flexible control of vol. 22, pp. 549-551, 1997. _
diffraction, a function that could prove invaluable in switching [14] I C. Khoo, S. Slussarenko, B. D. Guenther, M.-Y. Shih, P. Chen, and

M. V. Wood, “Optically induced space-charge fields, dc voltage, and

applications. Since the |a.rg_e birefringence of nematic liquid  extraordinarily large nonlinearity in dye-doped nematic liquid crystals,”
crystals spans the entire visible to infrared spectrum [31], [32] Opt. Lett, vol. 23, pp. 253-255, 1998.

these tunable gratings will be useful for a variety of broadban

5] F. Simoni and O. Francescangeli, “Effects of light on molecular orienta-
tion of liquid crystals,”J. Phys: Condens. Matvol. 11, pp. R439-R487,

switching applications, including telecommunications. Indeed,  1999.
we have recently [33] measured the refractive index changin&G] I. Janossy and T. Kosa, “Influence of anthraquinone dyes on optical

reorientation of nematic liquid crystals,Opt. Lett, vol. 17, pp.

coefficients of some dye-doped nematic liquid crystals in the 1733”1185, 1992.
1.554:m region, and have shown that their values are as largé7] !. Janossy, “Molecular interpretation of the absorption-induced optical

as in the visible spectrum.

reorientation of nematic liquid crystalsPhys. Rev. Evol. 49, pp.
2957-2963, 1994.
[18] L. Marrucci and D. Paparo, “Photoinduced molecular reorientation of
absorbing liquid crystals,Phys. Rev. Evol. 56, pp. 1765-1772, 1997.
V. CONCLUSION [19] O. Francescangeli, S. Slussarenko, F. Simoni, D. Andrienko, V. Reshet-

In conclusion. we have demonstrated a method of forming nyak, and Y. Reznikov, “Light-induced surface sliding of the nematic di-

rector in liquid crystals,Phys. Rev. Lettvol. 82, pp. 1855-1858, 1999.

both transient and permanent, 1- and 2-D gratings in nematigo; w. M. Gibbons, P. J. Shannon, S.-T. Sun, and B. J. Swetlin, “Surface-
|iquid crystals that can be easi|y controlled by extema”y ap- mediated alignment of nematic liquid crystals with polarized laser light,”

plied ac fields. With doping with methyl red dye and no special[21

Nature vol. 351, pp. 49-50, 1991.
] S.-T. Sun, W. M. Gibbons, and P. J. Shannon, “Alignment of guest-host

polymer coatings of the cell surfaces, patterns can be created  liquid crystals with polarized laser light,Lig. Cryst, vol. 12, pp.
that persist for months. The diffraction efficiency can be flexibly ___ 869-874,1992.

[22] D. Voloshchenko, A. Khyzhnyak, Y. Reznikov, and V. Reshetnyak,

adjusted using an ac field or switched off for high frequencies. ~ «Control of an easy-axis on nematic-polymer interface by light action
The promising and unique features of dye-doped liquid crystals _ to nematic bulk,"Jpn. J. Appl. Physvol. 34, pp. 566-571, 1995.

proved particularly interesting and beneficial not only for thel

23] A. G.-S. Chen and D. J. Brady, “Surace-stablilized holography in an
azo-dye doped liquid crystal@pt. Lett, vol. 17, pp. 1231-1233, 1992.

richness of physical effects, but also for their interplay in deter{24] J. zhang, V. Ostroverkhov, K. D. Singer, V. Reshetnyak, and Yu.
mining the orientation of molecules. Reznikov, “Electrically controlled surface diffraction gratings in

nematic liquid crystals,Opt. Lett, vol. 25, pp. 414-416, 2000.
[25] L. Lucchetti, F. Simoni, and Y. Resnikov, “Fast optical recording in dye-
ACKNOWLEDGMENT doped liquid crystals,Opt. Lett, vol. 24, pp. 1062—-1064, 1999.
[26] 1. C. Khoo and R. Normandin, “Nanosecond laser-induced transient
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