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The photorefractive response of several dye-doped nematic liquid crystal samples is studied
experimentally. Particular attention is given to the observation and modeling of the multiexponential
dynamics of the photorefractive grating, and of the photocurrent. Both involve at least two different
mechanisms with largely different time constants. These phenomena occur on time scales on the
order of seconds, for applied voltages about 1 V, and light intensities as low as milliw&tts/cm

© 2002 American Institute of Physic§DOI: 10.1063/1.1427431

I. INTRODUCTION may result from several physical mechanisms with different
time constants(e.g., ion diffusion, conductivity and/or di-

Photorefractive materials have been, and continue to belectric anisotropy, director reorientation, and surface direc-
actively studied for their potential applications in, e.g., opti-tor alignment. Transient responses have also been reported,
cal storage and information processhmorganic materials and are to be expected in low viscosity Systén'fgvo_ and
are developed for applications requiring stability and longfour-wave mixing experiments were carried out to identify
lifetimes, while organics offer unique attributes of flexibility the nonlocal photorefractive nature of both gratings. Two
and recyclability. The most promising organic photorefrac-time scales of comparable orders of magnitude were also
tive materials are based on polymers, liquid crystals, or adentified in the photocurrent buildup dynamics of these
combination of botHe.g., polymer-dispersed liquid crystals, samples. Furthermore, a strong transient photoinduced bire-
polymer-stabilized liquid crystals In all these materials, fringence was also observed, and may bear some relationship
molecular reorientation is the main photorefractive mechato the transient photorefractive response reported here. These
nism, and is responsible for their large photoinducedresults are reported in Sec. IIl. Section Il briefly summarizes
responsé:’ the results of measurements of the photorefractive response,

Liquid crystals are attractive because they exhibit largawo-beam energy exchange, and diffraction efficiency in the
photoinduced anisotropy, and require only very small extersteady state regime, for a number of liquid crystal/dye com-
nal fields to change their properties significaritiypically,  binations. These results are not entirely new, but they con-
a photorefractive response in liquid crystals requires a fieldirm data reported by others, and help characterize the sys-
of 1/10 V/um, in contrast with the several hundreds off  tems used in this study.
required by polymers. In addition, a large variety of liquid
crystals with different physical and chemical properties have
been developed for display applications and are readil)lll' STEADY STATE TWO-WAVE MIXING
available at low cost. An excellent review of recent work in The samples were made using several nematic liquid
photorefractive liquid crystals has been published recéntly. crystals and liquid crystal mixtures from Merpkamely, E7,

The interest in liquid crystals as electro-optic and photo-E44, K15 (5CB), and other§ and different dyes including
optic materials has increased further when it was realizedisperse red DR1 and disperse orange DO25. The dye con-
that the photoinduced effects could be enhanced by orders egntrations were varied between 0.20% and 0.60% in weight.
magnitude with the addition of minute amounts of absorbingThe mixtures were introduced between two glass plates
dyes'®~**Molecular models have been developed describingoated with indium—tin—oxide electrodes. For all the
this large response of dye-doped liquid crystdis® How-  samples discussed here, Mylar® or Teflon™ spacers held the
ever, the details of the microscopic mechanisms involved arglates 25um apart. Prior to introducing the liquid crystal
still not entirely understood, and quite often, experimentaimixture, the plates were treated with the surfactant octade-
results still reveal unexpected behaviors. cyltrichlorosilane to induce a homeotropic alignment. The

The main goal of this article is to report the observationhomogeneity of the alignment was checked under a micro-
of the occurrence of two different photorefractive gratings inscope.
dye-doped nematic liquid crystals. One is a transient grating  In the two-wave mixing experiments, the samples were
occurring on a time scale of a few seconds. The other occursxcited by the interference of two beams from a continuous-
on a longer time scale of several tens of seconds, and leads\ve diode-pumped frequency-doubled Nd: Yttrium—
a steady state response. Photorefractivity in liquid crystalgluminum—garnet laser operating at 532 nm. The two beams
with a diameter of 2.25 mrfat e ? intensity) overlapped in
3Author to whom correspondence should be addressed; electronic maifl€ Sample with a small angle between them. The angle of

gindebet@vt.edu incidence on the sample was about 45° for all the experi-
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ments. The polarization of the two interfering beams was 150 18
parallel to the plane of incidendextraordinary waves This E7/DRI 0.60 % «.-e o
was found to be a necessary condition for observing a pho- [ =1 =2000W ° om 416
torefractive response. T Va=20V o . 2
Energy exchange in two-wave mixing, where one of the 2100 | A=532nm o © o |,k
transmitted beams experiences a gain of energy while the § ’ §_
other experiences a corresponding loss, has been used as a § ] 5
way of identifying the nonlocal nature of the photorefractive 2 ol - 1172
response of a material. In the experiment, the power of the 5 \&/’1 z =]
two transmitted beams were monitored by two photodetec- I W\‘ 2 1 1.0
tors. The standard theory of photorefractidfigives the fol- L)
lowing expression for the intensity of the transmitted beams 0 P S S 0.8
in the Bragg(thick grating regime: 0 10 20 30 40 50 60 70 80
[1+ m*(ﬂl]exq —az) Grating period A (um)

l12)(2)=11(2(0) (1)

—(+)1 )
1+m™Dlexd +(-)yz] FIG. 1. Measured beam-coupling intensity ratig {1;) for an incident

_ . . . . intensity ratio equal to unity, and calculated gain coefficient, as functions of
wherem=1,(0)/15(0) is the beam intensity ratio at the en- the grating period for the sample E7/DR1 0.60 wtfitnse) Two-beam

trance face of the celly is the linear absorption coefficient, coupling geometry and sign convention.
andy is the exponential gain coefficient. The gain coefficient
is the real part of the complex coupling coefficidhgiven,

in terms of the refractive index modulatioAn, as I'  also giving the values of the gain coefficient calculated with
=ik(cos6) *Anexp(-i®). Here, k=2m/\ is the wave Eq.(2), knowing that its interpretation as an exponential gain
number,d the angle of incidence, arl is the spatial phase coefficient becomes invalid in the thin grating regime.
shift between the periodic interference pattéire excitation The measured beam-coupling intensity ratiél ; for an
pattern and the resulting refractive index modulati¢te incident ratio equal to one, as well as the calculated gain
grating response® # 0 is indicative of a nonlocal response, coefficient, for the sample E7/DR1 0.60 wt. % as functions
a necessary condition to observe any energy exchange bgf the period of the interference pattern is shown in Fig. 1.
tween the two beams. The energy exchange is maximunihe input intensities weré;o=1,,=100uW, and the ap-
when ® = /2. Experimentally, the gain coefficient is mea- plied voltage wad/,= 2.0V across the 2am cell. The inset
sured by monitoring the intensity of the two transmittedin Fig. 1 defines the geometry of the interaction and the sign
beams and using the relationship convention adopted in the article. Figure 1 shows a maxi-
cosf mum response for a grating period about twice the sample
Y=g , (2)  thickness, as has been reported by otArs.
Figure 2 shows the beam-coupling ratio, and the calcu-
whered is the sample thickness; (,) is the transmitted in- lated gain coefficient as functions of the applied voltage for
tensity of the beam experiencing loggin) with the applied the sample E7/DR1 0.20 wt. %. The input intensity is 100
voltageV, applied across the cell, arldy,) is the corre-  uW for each beam, and the grating period is A0. The
sponding transmitted intensity without the applied voltagegain/loss coefficients of each interacting beam are plotted
In all the following experiments$=1,,. separately. The geometry is that shown in the inset of Fig. 1.
Equations(1) and (2) are derived in the Braggthick  There is an apparent threshold at abaut V, and saturation
grating regime, where the wave equation in the medium carsets in around+3 V, a voltage beyond which significant
be separated into a pair of coupled equations, one for eadtattering occurs. Samples with higher dye concentration
interacting beam. The validity of these equations in the(larger than~0.50 wt. % exhibited an onset of dynamic
Raman—Nath(thin grating regime, characterized by the scattering at voltages above about 2—2.5 V. At these high
presence of multiple diffraction orders, is questiondods  concentration levels, a marked field-asymmetric response
suggested in Ref. 9, a simpler parameter to characterize twevas also noted. This can presumably be attributed to asym-
beam-coupling strength could be the intensity ratio of themetric scattering phenomena similar to the fanning effect
beams. Such a parameter is independent of sample thicknegpminent in organic and inorganic materials with large pho-
and is directly accessible experimentally. One can define, folorefractive gairf>2 These adverse effects may be related to
each beam, the ratio of the transmitted intensity to the incithe fairy strong absorption of the dye DR1 at the laser wave-
dent intensity, or one can compare the intensity ratio of thdength (532 nm. They were much less pronounced in
two beams before and after their interaction. In all the ex-samples containing the dye DO25 whose absorption coeffi-
periments reported here, the incident beam intensity ratio isient was less than half that of DR1 at that wavelength.
equal to unity. We thus chose to characterize our experimen- The threshold around 1 V and the saturation around 3 V
tal results in terms of the beam intensity ratio exiting thecorrespond to the threshold for the onset of the photocurrent
sample. The sample absorption is not included in this paramand for its saturation, respectively. The photocurrent was
eter. The gain coefficient, however, has been almost excluneasured with a picoammeter, and with sample excitation at
sively used in the past, and is still used by a number o632 nm. It was found to vary nearly linearly with the inten-
authors, even for very thin samples. For this reason, we arsity of the input beam, as shown in Fig. 3 for the sample
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N L %% : '." law [(V)=V*, as shown on a log—log scale in the inset.
Tl Q’% : S Between about 1 and 2 V, the relationship is nearly ohmic,
2 K ™ with a conductance .~ 275 nA/V. From 2 to 3V, a region
g in which scattering increases significantly, the conductivity
'g drops to~235 nA/V. The increase in the conductivity be-
3 yondV,~ *=0.7 V presumably originates from the field ion-
-150 ization of the dye molecules and impurities in the liquid
r . © crystal host® Figure 5 shows the photocurrent as a function
250 e of the applied voltage, together with a fit 19~ ppn(Va
30 20 10 00 1.0 20 3.0 —Vy). The photocurrent was calculated as the difference
Applied Voltage (V) between the total current through the illuminated sample and

the dark current. The sample was illuminated by a 30 mw,

FIG. 2. Beam-coupling ratida), and gain/loss coefficients for each beam ; ; ;
(b), as functions of the applied voltage for the sample E7/DR1 0.20 Wt%.532 nm beam with a 2.25 mm diameter. There is a marked

The geometry is defined in the inset of Fig. 1. threshold around 1.5V, a voltage nearly equal to that of the
two-beam coupling gain threshol@Fig. 2). Above that
threshold, the photocurrent grows linearly with a photocon-

E7/DR1 0.40 wt. %. For an applied voltage of 2.5 V and aductancep,,~ 65 nA/V. This threshold behavior is similar to

beam diamet%r9 225 mm, the rate is abolf, that observed in undoped liquid crystal.
~(1.45uAIW) 177, wherel is the beam power in W. A linear The two-beam coupling intensity ratio was measured for
relationship is indicative of a carrier recombination rate pro-a number of liquid crystal/dye combinations as a function of

portional to their density. The dark current versus applietthe beam power. Representative results are shown in Fig. 6.
voltage relationshigl —V curve for the E7/DR1 0.60 wt. %

sample is shown in Fig. 4. From 0.2 to about 0.75 V, the

current varies by 2 orders of magnitude following a power 120 T e
| E7/DR10.60 % |
80 | I=30mw :
50 | A=532nm
E7/DR10.40 % €
40 | Va=25V =
=
= A=532nm :,::‘
£ =
- 30 F 3]
g 3
£ ]
g £
g2 Ipn = (145 parw) 17
£
10
-120
0 — 3.0 20 -10 0.0 1.0 2.0 3.0
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Applied Voltage (V)
Laser intensity (mW)
FIG. 5. Photocurrent as a function of the applied voltage for the sample
FIG. 3. Photocurrent as a function of the laser beam pddiameter 2.25 E7/DR1 0.60 wt % under 30 mW beam power illuminatitmeam diameter
mm) for the sample E7/DR1 0.40 wt %. 2.25 mm.
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FIG. 7. Diffraction efficiency as a function of the writing beam power
400 F b (equal incident powerfor the sample E7/DR1 0.40 wt %.
®
- hd
5300 | . o I1l. DYNAMIC RESPONSE
E o o * A typical grating buildup and decay dynamics is shown
& o . s in Fig. 8. This shows the diffraction efficiency of a weak 633
g 200 | u L :
g . - nm probe beam by a grating induced by the interference of
£ — two 532 nm beams intersecting at a small angle in the
o 100 b . sample. For Fig. 8, the sample was E7/DR1 0.60 wt. %, the
. period of the interference pattern was ffh, the incidence
: o 0o 0 ©° 0 %o ° angle 45°, the incident beam intensities were=1,
0 g © & & A o A o A =200uW, and the applied voltage was 2.00 V. One can
0 40 80 120 160 200 clearly identify a relatively fast transient buildgand decay

FIG. 6. Beam-coupling ratio for incident intensity ratio equal to uréy
and calculated gain coefficiertb), as functions of the beam power for
several liquid crystal/dye combinationgsolid circles E7/DO25, (solid
squares E44/DR1, (opened circles E7/DR1, (opened diamondsK15/
D025, (solid triangle$ MLC-6204-000/DR1. Sample thickness: 2&, dye

concentration: 0.40 wt %.

Writing intensity (LWW)

superposed to the expected monotonic exponential growth
(and decay of the grating. The procedure leading to these
results was the following. The voltage was first applied to the
sample for several minutes. One of the writing beams and the
probe beam were then turned on. The probe beam was
chopped for synchronous detection. After all transients had
settled, the second writing beam was turned on, creating the
interference pattern and inducing the photorefractive grating.
The first-order diffraction of the probe beam was monitored

All samples had the same thickne@5 um) and the same with a photomultiplier, and measured through a lock-in am-

concentration(0.40 wt. %). The applied voltage was 2.0 V,
the incidence angle 45°, and the grating period wagB0
The absorption coefficient at 532 nm was about 250 cfor
E7/DR1, and 100 cm for E7/DO25. The results of Fig. 6
illustrate the wide range of responses that can be obtained
with liquid crystal/dye mixtures, as has been observed by
others and as theory prediéfs?®

Strong absorption in two-beam coupling experiments
may complicate matters. For this reason, the grating response
was also probed by observing the diffraction of a weak 633
nm beam from a He—Ne laser, a wavelength at which the
samples absorb negligibly. The diffraction efficiency was
found to vary linearly with the writing beam intensity. For
the sample E7/DR1 0.40 wt. %, and an applied voltage of 2.0
V, the rate measured in Fig. 7 is abogit-10 2W™1 (i.e.,
2% of incident 633 nm light diffracted by a grating induced
by two 532 nm beams of 20@W each. This leads to a
refractive index modulation approaching 0 which is

Diffracted intensity (arb. unit)

0.8
E7/DR1 0.60 %
- 1, =1, =200 pW
I, =100 uW
06 |27 0H

04

02 |

V,=20V

400 600
Time (s)

FIG. 8. Typical grating buildup and decay dynamics induced by the inter-
ference of two 532 nm beam{@00 uW power each calculated from the

comparable to what has been achieved with polymeric matesiraction of a weak 633 nm probélnset equivalent circuit with a triple-

rials.

exponential response used to fit the data.
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g
'

plifier. The buildup and decay of Fig. 8 can be modeled quite
accurately by an equivalent circyFig. 8 insef that includes

a slow capacitive componemi and a faster reactive compo-
nent =, with an overall low pass;. The step response of
such a circuit is represented as

h(t)c{A[1—exp(—t/7)]+Bexp —t/m)}
XH(t)* exp(—t/m3)H(t), 3

=
8

=
=

S
%

¢
=N

L

Time Time

Beam intensity (arb. unit)

=
=
T
Beam intensity

Beam intensity

where* represents a convolution, amdl(t) is a Heaviside
step function. Such a response is measured as a three expo- 02
nential with time constants;, 7,, and 73. Indeed, the [

. . . , oo l——
buildup dynamics of Fig. 8 can be fitted as 0 100 200 200
L) =1.[1—a;exp(—t/m) —a,exp(—t/7;) Time (s)
—azexp — t/7-3)]_ (4) FIG. 9. Typical buildup of the energy exchange between the two interacting

532 nm beams. The grating phase shift is measured at the two instants
With the constrainta; +a,+az=1, we find ,~120s, 7, indicated by the arrows, using the grating translation methesult shown
~10s, 73~7s, anda;=1.1,a,= — 2.2, andag=2.1. From I the wo insets
Egs.(3) and(4), we find a ratioB/A~2/3 between the reac-
tive and capacitive components. Similarly,

, the step down regerence pattern. The two signals can be processed to deter-
sponse is

mine with reasonable confidence the magnitude of the ab-
h'(t)=A"T1—H(t)]+[A" exp( —t/7}) sorption component and the phase component of the grating
as well as the relative phade between the interference pat-
—B’ exp(—t/75)JH(t)* exp(—t/73)H(t), (5) tern and the induced gratif§3® The grating translation
technique was applied first shortly after the turnon of the

and the decay dynamics of Fig. 8 is modeled as second beam, when the transient grating dominates, and the

laowd 1) —b=1g[a] exp(— 7/ 7}) +a, exp —t/75) steady state grating has not reached a significant amplitude
yet. This is indicated by arrow A in Fig. 9. The resulting
+agexp —t/73)], (6)  signal modulation is shown in the inset. The technique was

qagain repeated after the transient grating had disappeared and

whereb is a constant background, which could be attribute S
. . . a steady state was reachi@idrow B and corresponding inset
to a quasipermanent modulation of the director at the anchot-

P e M e coma 4w a9 I ot cees s e om0y
7~50s, 7j~12s, 74~4s, a;=0.9, aj=—1.2, anda} grating y pure pnase gratings,

—1.3. This fit gives the same rat®'/A’ ~2/3. The main relative phase between the grating and the interference pat-

. ) . tern is very close tor/2 in both cases. This, together with
difference between the buildup and the decay dynamics is . . .
. . : other observations, leads us to identify the source of the pe-

that the capacitive decay time constant is only about half the.” o . )
: . ) ... fiodic refractive index change as reorientation of the dye
corresponding buildup time constant. Nevertheless, it is in-, .. . : I )
: . driving the local orientation of the local liquid crystal direc-
teresting to observe that the relative strengths of the threg . . .
. . . tor in the combined external and space-charge fields, thus
mechanisms, as measured by their fractional area under the

. . leading to a periodic modulation of birefringence lagging the
response curvef(e«a;r;), are approximately in the same ra- .~ . . : .
. . . incident intensity modulation byr/2.
tios for the buildup as for the decay dynamics, namely,
fi:ifyify=~1:0.2:0.1.

The buildup and decay dynamics of the photorefractiveI
response was also monitored by recording the intensities o
the two transmitted writing beams in a two-beam coupling  In an effort to correlate the transient and steady state
mode. This was done in order to identify the nature of bothphotorefractive responses observed in these samples with
the transient and the steady state gratings. The temporal evother physical parameters, a number of different tests were
lution of the transmitted beams for the sample E7/DR1 0.&arried out. Two of them are worth mentioning, as they may
wt. %, shown in Fig. 9, exhibits the same transient behaviobare some relationship to the reported observations.
superposed on an exponential buildup. The nature of the Photorefractivity involves the photoexcitation of charges
transient and the steady state gratings was probed using tl@d their transport. There is a direct correlation between pho-
grating translation techniqu@-3! The phase of one of the toconductivity and photorefractivify. The photocurrent
interfering beams is varied rapidly over a multiple of.2 through sample E7/DR1 0.40 wt. % was measured with a
This was done by translating a mirror with a piezoelectricpicoammeter when an expanded beam from an argon laser
activator. During the translation, the grating amplitude doesvas incident on the sample at near normal incidence. This
not decay significantly, and the intensity of the transmittedbeam had a power of about 80 mW, a diameter of 9 mm, and
beams vary cyclically, as the direction of energy exchanga wavelength of 514 nm. A voltage of 2.0 V was first applied
follows the phase of the grating relative to that of the inter-across the sample. After a couple of minutes, a shutter was

V. PHOTOCURRENT AND TRANSIENT
IREFRINGENCE
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FIG. 10. Typical buildup and decay of the photocurrent showing two dis-
tinct time constants.

opened, and the additional photocurrent through the illumi

nated sample was monitored with a picoammeter. Again, agnlform In_intensity,

P. Klysubun and G. Indebetouw

The probe beam incidence angle was about 45° with the
sample normal. After transmission through the samplesthe
and p waves, respectively, polarized perpendicular and par-
allel to the plane of incidence, were separated by a polariza-
tion beam splitter, and the two components were monitored
by two separate photodetectors. The following was observed.
Upon application of the excitation beam, thandp compo-
nents experience large transient variations with opposite
signs. The total energy transmitted remains constant, which
points toward a purely orientational effect. Interestingly, the
effect does not depend on the polarization of the excitation
beam. This transient response is different from the transient
birefringence reported in Ref. 34, which occurs with a time
scale shorter, by more than 1 order of magnitude, and results
from different interaction geometry. The transmitted intensity
of the s and p waves, without photoexcitation, are strongly
dependent on the incident angle of the probe beam. This is
simply a result of the homeotropic alignment of the cell, and
the strong birefringence of the liquid crystal. Individually,
the s and p waves are transmitted through the cell without
change of polarization, and this remains true after application
of the excitation beam. This means that thand p waves,

are and remain the ordinary and extraordinary eigenpolariza-
tion state of the sample. Thus, the principal axes of the bire-
fringent sample do not change, indicating that the observed
transient rotation of the director occurs within the plane of
incidence.

Strong polarization gratings have also been induced in
these samples, using two incident beams with orthogonal po-
larizations. The illumination of the sample is then spatially
but the polarization state is spatially

shown in Fig. 10, two distinct time constants can be identi—deUIat,ed' Consequently, such an excitation pro.bes.only the
fied in the buildup and the decay dynamics. These were fit t8rlentat|onal response of the sample to the polarization state

the following expressions:

Ju()xl—ag exp(—t/7) —az exp(—t/7p), (7)
with the constrainf; +a,=1 for the buildup, and
Jgowr(t) —bocas exp(—t/77) +aj exp(—t/ 1), (8)

with the constrainta;+a;=1 for the decay. We findr,

=70s,7,=1.4s,a;,=0.3, anda,=0.7 for the buildup, and
71=60s, 7,=1.3s,a;=0.4, anda,= 0.6 for the decay. The
long-lived tail represented by the parametecould be due

of the optical field. Details of these results will be reported
elsewhere.

V. SUMMARY

The large photoinduced response of dye-doped nematic
liquid crystals has renewed interest in these systems, both

theoretically, and experimentally. The observation of a non-

local photorefractive response in these samples is of particu-
lar interest for their possible applications in optical storage,

information processing, and holography. In this article, we

to a change of dark conductivity. The dark conductivity in have presented the results of some experimental studies

these samples is typically 1 order of magnitude larger thamimed at quantifying the photorefractive response of several

the photoconductivity, as for most polymeric materidls liquid crystal/dye systems, and their dynamics. This is a first

Jpn/Jaanc= 0.2 in this experiment These time scales and be- step in an attempt to classify these systems, and elucidate the

havior depend only weakly on the intensity of the excitation.role played by the dye/nematic interactions in their photore-
Another transient phenomenon that may bare some reldractive response.

tionship to the reported observations is the strong transient

birefringence measured in these samples. In organic materitphotorefractive Materials and Their Applicationsdited by P. Gunter and

als, and_ certai_nly in liquid crystals, the phptorefractive re- de--PM Hﬁgﬂgirr)ﬂngerj B;erlriir;,k?i% iggi\\/g;-ll;’;n?d(llgm

sponge is dominated by mOIeCU|.ar O.rlentatlonal effects. l.t IS3B.-Ya-. Zel'dovich, N. F F;ilipetski,A. V.)IS.ukhov, and N. V. TaBiryan, JETP

thus directly related to the local birefringence of the material. | ¢ 31 263 (1980.

The photoinduced birefringence was monitored by sending &s. D. Durbin, S. M. Arakelian, and Y. R. Shen, Phys. Rev. L47t.1411

weak probe beanfHe—Ne laser, 633 nm, diameterl.5 55128]}2%2?'5 L?_ttg,]:nll(igglé Shepard, Appl. Phys. (291937 (1981

mm) poIan;ed at 45° with the plape of incidence through the 61" C. Khoo, P'hy's_ Revg’mg, 20'77(158]); ’25?2636();9'83. ' '

central region of the sample excited by the expanded beamg p wiederrecht, B. A. Yoon, and M. R. Wasielewski, Scie?izg 1794

from an argon lasefwavelength 514 nm, diameter9 mm). (1995.
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