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A liquid crystal light valve (LCLYV) is an optically controlled spatial light modulator that allows recording of
dynamic holograms. Almost all known LCLVs operate in the visible range of the spectrum. In the present work
we demonstrate a LCLV operating in the infrared. The interaction of signal and pump waves is studied for differ-
ent applied voltages, grating spacings, and intensities of the recording beams. A fourfold amplification of the weak
signal beam is achieved. The amplitude of the refractive index modulation Az = 0.007 and nonlinear coupling
constant 7, = -1 cm?/W are estimated from the experimental results. External phase modulation of one of the

recording beams is used for a further transient increase of the signal beam gain.
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1. INTRODUCTION

There is a need in nonlinear materials for dynamic gratings
recording in the infrared spectral range because of possible ap-
plication of these materials for information processing and
transmission using available telecommunication components,
which operate just in the infrared. Traditional photorefractive
wide-bandgap ferroelectrics with large coupling constants in the
visible spectral region generally are not at all sensitive in the infra-
red. There are only a few that are sensitive, such as rhodium-
doped barium titanate [1] and tin hypothiodiphosphate [2],
but these crystals usually are slow. Some photorefractive semi-
conductors, including gallium arsenide [3,4], indium phos-
phate [4], and cadmium telluride [5], are sensitive in the
infrared, but moderate electro-optic coefficients usually result
in relatively small coupling constants. In addition, the coupling
constants are always reduced in the infrared as compared to the
visible range of the spectrum because they are inversely propor-
tional to the wavelength. Therefore, attaining a large coupling
constant, which ensures large amplification of the weak beam,
is not an easy task in the infrared.

One possible way to fulfill this task is combining in a single
device a liquid crystal (LC) that usually exhibits huge birefrin-
gence and semiconductor sensitive in the infrared. In such hy-
brid devices, a driving force is created inside a photosensitive
substrate. This driving force affects the LC and creates in it a
spatial modulation of the refractive index with large amplitude.
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The dynamic hologram created in such a way in an LC may be
used for signal processing in the infrared.

As far as we know, the first such organic—inorganic hybrid is
the liquid crystal light valve (LCLV), which works in the reflec-
tion geometry. Devices of this type have been actively studied
as spatial light modulators since the 1970s [6]. Later, the use of
a transparent photoconductive substrate made from bulk crys-
talline Bi;,Si0,, (BSO) allowed operation of an LCLV in the
transmission geometry [7]. Recently, the nonlinear optical
properties of LCLVs have been demonstrated in the near-
infrared [8]. The recording of dynamic holograms was also
reported [9] just after the present paper was submitted. In this
work, we study an LCLV with a GaAs substrate, which allows
recording of dynamic holograms in the infrared. The interac-
tion of the recording waves is studied for different grating spac-
ings, intensities, and intensity ratios of the recording beams.
The nonlinear optical properties of the device are estimated
from experimental data.

2. GAAS-BASED LCLV CELL AND
EXPERIMENTAL SETUP

Figure 1(a) shows schematically the design of our LCLV cell.
Opitically finished 3-mm-thick 8 mm x 15 mm GaAs substrate
serves as an input window. It is made of nominally undoped
semi-insulating GaAs single crystal with dark resistivity of
the order of 5 x 108 Ohm x cm. A relatively low absorption
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Fig. 1. Schematic representations of (a) the LCLV with GaAs sub-

strate and (b) the experimental setup.

constant @ &~ 1 cm™! at the wavelength 4 = 1.064 pm results

in only 25% reduction of the transmitted light intensity due to
linear absorption. The Fresnel reflection losses are larger for
GaAs with large refractive index 7 = 3.5, but they may be
compensated by appropriate antireflection coating.

The transparent indium-tin oxide (ITO) electrode is depos-
ited on the substrate from the outside face of the cell. The
inside face of the output glass window is also coated with
ITO electrode. The cell is filled by BLO06 (Merck) LC.
Spectral dependences of the ordinary and extraordinary refrac-
tive indices of this LC are known for the visible spectral range
[10]. Extrapolation of the known data to 4 = 1.064 pm allows
us to estimate 7, = 1.51 and », = 1.74 for this wavelength. A
mechanically rubbed polyimide alignment layer deposited on
the inside face of the semiconductor substrate and on the glass
face coated by ITO ensures planar orientation of the LC. The
LC layer thickness 4 = 10 pm is set by spherical glass spacers.
Sinusoidal ac voltage with amplitude | V| < 36 V is applied to
the ITO electrodes, ensuring that the electric field is applied
across the substrate and liquid crystal.

The experimental setup is shown schematically in Fig. 1(b).
The single-mode single-frequency diode-pumped Nd**:YAG
laser emitting at 1.064 pm is used as a light source. The output
laser radiation polarized in the plane of incidence is expanded
and divided by a variable beam splitter (BS) into two beams,
I, and 7, with typical intensity ratio = 1,(z=0)/
1,(z = 0) = 80. Both beams have a Gaussian intensity distri-
bution with about 20 mm full width at half-maximum on the
cell input face. A diaphragm with diameter 5 mm placed on the
input cell face cuts the central part of the recording beams, en-
suring spatial homogeneity of the light intensity within +4%.
The total light power is about 400 mW. Neutral density filters
are used to change the light intensity. To separate the transmit-
ted signal beam from the pump, its intensity is measured
behind a 0.5-mm-diameter diaphragm placed at the focal plane
of a lens with 25 c¢m focal length.

Two beams are crossed in the GaAs window, as shown in
Fig. 1(b). The resulting interference pattern causes spatial

modulation of the conductivity in the photoconductive
GaAs substrate. This, in turn, results in corresponding spatial
modulation of the voltage applied across the LC and, as a con-
sequence, in spatial reorientation of the LC molecules. In this
way, a refractive index grating is created in the LC layer. This
grating may be used for processing of the infrared optical sig-
nals. A phase electro-optical modulator (EOM) is used in the
experiments with external phase modulation.

3. WAVE MIXING IN THE GAAS-BASED LCLV:
EXPERIMENTAL RESULTS AND DISCUSSION

A. Local Grating in LCLV for Amplification of the
Weak Signal Beam

It is well known that the local index grating, i.e., the grating
coinciding (or 7 shifted) with the interference pattern, cannot
give rise to amplification of the signal beam in the steady state
[11]. Obviously, the conductivity grating recorded in the pho-
toconductive substrate is local. Therefore, amplification of the
weak beam is not expected when using an LCLV. However, the
grating recorded in the LCLV is not a typical local dynamic
grating. Indeed, the index grating in the LC is rigidly attached
to the conductivity grating created in the substrate. Thus, the
grating in the LC is fixed thin local grating with respect to the
recording interference fringes. Such a grating may give rise to
the amplification of the weak beam thanks to diffraction of
light from the strong pump beam in the direction of the weak
signal. Understanding of this particular property of the LCLV
allowed light beam amplification [12] in the visible spec-
tral range.

To demonstrate signal beam gain with our LCLV, the tem-
poral behavior of the transmitted weak signal beam is studied.
A grating with spacing A = 440 pm is recorded by beams with
total light intensity 7 = 30 mW /cm? and intensity ratio
p = 80. The sinusoidal voltage with amplitude V§ = 2.6 V
and frequency f = 20 kHz is applied across the cell. The
pump beam continuously illuminates the LCLV to keep elec-
trical properties of the cell in the steady state. At time # = 0,
the signal beam is unblocked. The temporal variation of the
normalized intensity of the signal beam behind the cell
I(z=d,t)/I,(z = 0,¢) is shown in Fig. 2. The transmitted

intensity I (d)/1(0)
[\S]
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Fig. 2. Temporal dynamics of the transmitted signal beam mea-
sured for total light intensity 7 =30 mW/cm?, beam ratio
p = 80, applied field with amplitude V|j = 2.6 V, and frequency
f = 20 kHz at grating spacing A = 440 pm. The pump beam con-
tinuously illuminates the LCLV, and the signal beam is unblocked
at r = 0.
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intensity increases with time, and fourfold gain G =7 (z =d)/
I.(z=0) =4 is reached in the steady state. This gain is smaller
than the gain G = 10 achieved with BSO-based LCLV in the
visible spectral range [12], but larger than the largest gain
G = exp(I'd) = 2.7 [13] ever achieved in a photorefractive
semiconductor at 4 = 1.064 pm without high voltage applied
to the crystal. It should be noted that not much larger gain is
achieved for V; > 2.6 V, but strong scattering makes difficult
separation and intensity measurement of the transmitted beams
for small intersection angles. That is why we limit the voltage to
Vo =2.6V in the experiments with large grating spacing
(small intersection angles). The relatively low voltage results
in relatively slow spatial reorientation of LC molecules and,
correspondingly, in large grating formation time, which lies
in the subsecond range 7 & 350 ms.

The grating in LC is thin and the LCLV operates in the
Raman—Nath regime with the diffraction efficiency in the
mth order defined as

nm=]3n(

where /,, is the Bessel function of the mth order and A7 is the
amplitude of refractive index modulation in the LC layer. For
large beam ratio #>> 1, the diffraction efficiency is small
(1<) and only the £1 orders of diffraction are important.
The last fact is confirmed in the experiment—only £1 orders
of diffraction are observed behind the LCLV. Therefore, the

diffraction efficiency takes the form

nAnd\?
f1=( 1 > 2

ﬂAnd)) )

A

Taking into account the diffraction from the pump, the inten-
sity of the signal beam behind the cell may be written as

2
) 1,(0).  (3)

The LCLV may be considered as a device exhibiting Kerr-like
nonlinearity [12,14] with nonlinear coefficient 7, = dn/dI,
because the conductivity of the substrate (and therefore the
voltage across the LC and the refractive index modulation)
is linearly proportional to intensity in a certain intensity range.
In this case, the amplitude of refractive index modulation is
defined as An = nyml = 2n, /11, where [ is the total aver-
age light intensity and 7 is the contrast of the interference pat-
tern. Thus, the gain of the signal beam may be written [12,14]

_]S(d)_ 277.'712[!/{ 2
G‘A(O)‘”( 2 >

where 7~ I, is the total light intensity.

By using Eq. (4), |7,] = 1 cm?/W is estimated for G = 4
and 7 = 30 mW /cm?. In spite of the fact that this value is
smaller than the constant reported for an LCLV operating
in the visible spectrum range [14], the estimated |7, ] is so large
that it ensures refractive index modulation Az =~ 0.007 at our
experimental conditions, as it is estimated using Eq. (3). It
should be noted here that the constant 7, is the characteristic
of the cell in the present case, but it does not characterize a
material as it is usually considered.

nAnd

I(d) = 1,(0) +n1,(0) = 7,(0) + (

(4)

B. Determination of the Grating Shift

A self-defocusing is observed behind the cell for the incident
beam with Gaussian intensity distribution. This observation
shows that 7, is negative, i.e., 7, = -1 cm?/W, as it is ex-
pected for 7, < n,. To confirm this conclusion, we use the
phase-modulation technique for determination of the grating
phase shift [15]. The EOM introduces in the weak signal beam
1,(0) a phase modulation A¢ cos(2zf#) with a small ampli-
tude A¢p = 0.12 rad and fast frequency f = 300 Hz, which
is much larger than the reciprocal relaxation time of the
LCLV. This phase modulation, shown in Fig. 3(a), is trans-
formed into intensity modulation behind the sample, as shown
in Fig. 3(b). The intensity modulation is out-of-phase with
respect to the input phase modulation with accuracy better
than 0.01 rad. No intensity modulation with double frequency
(second harmonic) is detected with the lock-in amplifier.
Therefore, we conclude that the local z-shifted grating is
recorded in the LCLV.

Indeed, the grating cannot follow small fast modulation,
and, therefore, it is fixed with respect to the oscillating record-
ing interference pattern. In the case of a local grating, any shift
of the interference fringes results in the appearance of a non-
local component of the grating. This nonlocal component gives
unidirectional energy transfer, which is inherent to the nonlocal
grating [11]. If the shift of the fringes in one direction gives
amplification of the signal beam, the shift in the opposite di-
rection gives attenuation, and vice versa. Therefore, the inten-
sity modulation behind the grating at the frequency of the first
harmonic of the input phase modulation unambiguously shows
that the local grating is recorded [15] in our LCLV.

C. Optimization of Recording Conditions for Signal
Beam Amplification

It is known from the first works on LCLVs [6,7] that the elec-
trical properties of the cell are crucially important for its oper-
ation. The impedance of the substrate should be comparable
with the impedance of the LC. Otherwise, light-induced
changes in the substrate do not affect the LC. The LCLV circuit

representation includes several resistor-capacitor circuits, which
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Fig. 3. (a) Phase modulation A¢ of the input signal beam 7,(0) and
(b) intensity modulation of this beam behind the crystal 7,(d).
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correspond to different layers of the cell [6,7]. That is why a
resonance frequency exists that ensures optimal voltage across
the LC layer for a certain voltage applied to the whole cell. At
the same time, the electrical characteristics of different elements
of the LCLV change with intensity change: (i) the resistance of
the GaAs substrate changes because the substrate is photocon-
ductive, and (ii) the capacitance of the LC changes because its
dielectric permittivity changes when LC molecules are reor-
iented in the field. That is why the optimal frequency varies
for different intensities. To find the optimal frequency for
our cell, the dependence of the gain is measured as a function
of frequency of the applied voltage for different intensities
of the recording beams. The results are shown in Fig. 4 for
I = 8.5 mW /cm? (circles), / = 30 mW /cm? (squares), and
I =50 mW/cm? (diamonds). The lines connect data mea-
sured at the same intensity. The resonant behavior of the gain
on frequency is obvious. All experimental data are presented in
this paper using the optimal frequencies.

The dependence of the gain as a function of intensity evalu-
ated from the maxima of the curves like that shown in Fig. 4 is
shown by the squares in Fig. 5. The line is plotted as a guide
to the eye. The spatial modulation of the conductivity in
the substrate becomes important when the photoconductivity

gain G

0 1 1 1
1 10 100

frequency f (kHz)

Fig. 4. Gain of the signal beam as a function of frequency of the
applied voltage measured with voltage amplitude Vj = 2.6 V at gra-
ting spacing A = 440 pm for total light intensity / = 8.5 mW /cm?
(circles), 7/ = 30 mW /cm? (squares), and / = 50 mW /cm? (open
diamonds).

gain G

0 1 1 1 1 1 1 1
0 20 40 60 80 100 120

intensity [ (mW/cmz)

Fig. 5. Intensity dependence of the gain of the signal beam
measured with voltage amplitude V|j = 2.6 V at grating spacing A =
440 pm and at the optimal frequency for every intensity.
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becomes larger than the dark conductivity. Correspondently,
the gain rises while the intensity increases up to about
10 mW /cm?. Then the gain is nearly constant in the wide
range of intensity for which the conductivity of the substrate
is comparable with the conductivity of the LC. One would ex-
pect for a large intensity that the gain would decrease because
resistance of the substrate becomes small and does not affect the
LC. We cannot reach such an intensity to confirm the last state-
ment experimentally, because we have to use expanded beams.

To check the spatial resolution of the GaAs-based LCLYV,
we measure the gain as a function of grating spacing A.
Experimental data are shown in Fig. 6. A gain, which can be
reliably evaluated from the noise, is measured for A > 90 pm.
This lower limit on fringe spacing is determined by the field
spread in the substrate and LC [7]. The largest gain is measured
at the largest possible grating spacing A = 440 pm. This upper
limit on grating spacing is determined by overlapping of the
transmitted beams behind the LCLV when the signal beam
cannot be separated off the pump. The spatial resolution of the
GaAs-based LCLYV is relatively low, similar to other LCLVs op-
erating in the visible [7]. However, the spatial resolution may be
increased in the cell with optimized thickness of the substrate
and LC layer, and a larger gain can be reached in such an opti-
mized cell.

There is a technique that allows for a greater increase of the
gain in the LCLV with an already optimized voltage, intensity,
and grating spacing. It is known that step-like phase modula-
tion of one of the recording beams by z/2 changes the grating
from nonlocal to local and vice versa for a time interval smaller
than the grating response time [16]. With such modulation, the
interference pattern is translated by a quarter of a spatial period
with respect to the recorded index grating, changing the type of
response. We use this technique to increase gain in our LCLV.
The grating is permanently recorded by beams with total light
intensity / = 30 mW /cm? and beam ratio # = 80 at grating
spacing 4 = 440 pm. The fourfold gain is reached in the steady
state. Then the phase of the signal beam is step-like modulated
by £7/2, as shown in Fig. 7(a). The normalized output inten-
sity of the signal beam is shown in Fig. 7(b). Just after the
negative /2 phase step, the eightfold transient gain is
observed, which decreases smoothly to the steady-state gain
G =~ 4 because the grating is rerecorded at a new position.
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0 100 200 300 400 500
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Fig. 6. Gain of the signal beam as a function of grating spacing
measured with voltage amplitude Vj = 2.6 V and total intensity
I =30 mW /cm?,
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Fig. 7. (a) Step-like phase modulation A¢g(#) of the input signal
beam /,(0) and (b) temporal dynamics of the normalized signal beam

intensity behind the crystal 7,(d, £).

The attenuation of the signal beam is observed with opposite
phase step, as is expected, because the grating is translated in
the opposite direction. The achieved transient gain can be used
for processing of fast optical signals, as has been demonstrated
with a CdTe-based adaptive interferometer [16].

D. Attenuation of the Signal Beam with High-
Contrast Recording

Not only amplification, but sometimes attenuation, of the sig-
nal beam is used in applications. The attenuation of the signal
can be achieved in the LCLV with high-contrast recording.
Three higher orders of diffraction are observed behind our cell
when the high-contrast grating is recorded by beams with
nearly equal intensities. The appearance of these additional
beams leads to considerable depletion of the pumps, one of
which is the signal beam in this case. In such a way, attenuation
of the recording beams may be achieved.

The temporal behavior of the transmitted signal is shown
in Fig. 8. The grating is recorded by beams with intensity ratio
close to unity 8 & 1 and total light intensity / = 8.5 mW /cm?
at grating spacing A = 440 pm. The amplitude of applied
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Fig. 8. Temporal dynamics of the transmitted signal beam mea-
sured for total light intensity 7 = 8.5 mW/ cm?, beam ratio f = 1,
and applied field amplitude Vi, =2.6V at grating spacing
A = 440 pm. Both recording beams are unblocked at # = 0.

voltage is Vj = 2.6 V. Both beams are unblocked at time
t =0. The transmitted beam is depleted when grating
recording starts, and more than 3 times attenuation of the sig-
nal beam is observed. This attenuation can be used for some
applications, such as dynamic optical filters.

4. CONCLUSIONS

Dynamic grating recording in the infrared is achieved in a
GaAs-based LCLV. Fourfold gain of the weak signal beam is
reached in the cell with properly selected GaAs substrate.
This gain may be increased by using the technique of external
phase modulation of the recording beams. For recording beams
of equal intensity, more than 3 times attenuation of the signal
beam may be achieved. Refractive index modulation Az =
0.007 and nonlinear constant 7, = -1 cm? /W are estimated
from the value of the gain G =4 at total light intensity
I =30 mW /cm?. It should be noted that the constant 7,
characterizes in the present case the LCLV as a whole, but
not a material used in the LCLV. It is demonstrated that,
out-of-phase, a local grating is recorded.
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