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Photorefractive effect in lithium niobate crystals
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Abstract

Phase-grating formation in tron-doped lithium niobate crystal was studied. Growth is observed to be oscillatory
with a time period of over several seconds; oscillatory growth had miensity variations of smaller time scales over-
riding it.
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1. Introduction

The change in local refractive index caused by light-induced electrostatic field of the
order of 10° V/m in certain nonlinear optical materials is termed as photorefractive (PR)
effect. The PR effect may be explained as follows: (i) Light induces separation and mi-
gration of charges that originate either from impurity (intrinsic) levels or by dopants
(extrinsic) in the crystal. (ii) The separation of charges results in a strong electrostatic
field. (iii) The electrostatic field causes a change in the refractive index of the crystal by
the linear electro-optic (Pockel's) effect.

The PR effect was discovered in lithium niobate' when apparent optical damage was
found to be reversible by heating the crystal. The PR properties of a material can be
demonstrated by illuminating the material with two coherent laser beams. This forms a
spatially varying modulated intensity profile throughout the material. The high spatial
resolution of the volume gratings that can be recorded with the PR process indicates the
potential use of such materials for information storage.

In two-beam coupling (TBC) configuration, two beams from 2z laser source interfere
in the volume of the PR crystal. The interference pattern causes nonlocalized 7/2 shifted
distribution of charges forming volume gratings in the crystal. These phase gratings are
used for hologram storage in the PR crystal. It has been recognized® that the volume
nature of thick holograms permits the interference of an incident light beam with its own
diffracted beam inside the recording medium. The dynamical theory of Ninomiya® ex-
plains the resulting characteristics.

The diffraction efficiency of the hologram grating has been previousiy measured by
briefly interrupting the writing process at regular intervals of time* or reading by a
single wave incident upon the hologram®. Magnusson and Gaylord® proposed the dy-
namic theory to describe the recording and readout characteristics of volume gratings. It
was supposed that the volume nature of the thick holographic grating allows the inter-
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ference of an incident light beam with its own diffracted bearn inside the recording me-
dium. The dynamic theory satisfactorily explains the oscillatory behaviour of the growth
pattern of the gratings. An oscillatory diffraction efficiency upon readout has also been
shown theoretically and experimentally to be possible due to changes in the multiple
internal reflections as a result of crystal thermal expansion caused by the absorption of
laser iighﬂ

In the case of two waves simuitancously writing and being scattered by a shifted
grafing, an additional m/2 phase is introduced into the scatiered waves. The scattered
waves are therefore in and out of phase with the incident waves and hence gain or lose
energy. The beam that gains or loses energy is determined by the phase shift of the
grating {+ n/2). This in turn is dependent on the sign of the charge carriers, the sign of
the clectro-optic effect, the interaction geometry of the PR material, and the polarization
states of the interacting waves. The description of the PR effect was shown by making
use of the diffusion and the hopping models® "', The complex amplitude E(x) of the
steady-state electric field in the absence of an intrinsic or applied field is given by
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where 4,7 15 the thermal energy of the crystal lattice, ¢, the charge of the mobile charge

carriers, ko, a constant of the material that depends on the number density N of charge

carriers available for charge migration and m, the modulation index of the interfering

waves,

We had carried out a TBC experiment to study the diffraction efficiencies of PR iron-
doped lithiurn niobate crystals (IDLN). As expected, the observations of the growth of
grating i IDLN were seen to be oscillatory. Apart from the oscillatory growth pattern
we had observed intensity fluctuations at smaller time periods'z. Wenji er al." have
found similar oscillations in the growth of phase grating by TBC in the IDLN crystal.

The oscillatory growth behaviour in lithium niobate crystal has been analytically ex-
plained by considering the bulk photovoltaic cffect', but this analysis does not explain
our observations of intensity fluctuations of smaller time periods. The results of the ob-
servation are briefly described.

2. The two-beam coupling experiment

The schematic experimental layout of TBC is shown in Fig. 1. The direction of the
crystal axis is indicated by C. The two beams, /5 and /s, from an argon laser (Spectra
Physics-171, with a Fabry-Perot etalon) are made to interfere in the IDLN crystal
(20 X 10 X 2 mm, the iron doping in the crystal is 0.02% mol. wt). Due to PR effect, a
phase grating is continuously written till it reaches saturation. The saturation time de-
pends on the intensity of the beams, the mobility, and the number of charge carriers.
Figure 2 shows the typical growth and decay of the phase grating in the IDLN crystal.
The growth and decay of the grating were made at detector D, by noting the de-level
changes (with respect to ground) on the digital oscilloscope. The decay characteristics
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Fi6 1 Experimental configuration to measure the growth of phase grating i wron-doped hthium niobate crysiai.
Dy, D> and Dys; are the detectors 1o measure the tmensities of £y, fo. and /s, The ac and de varianons of I,
and /» are measured by constantly elimenating the notse at the source ({ax¢) and are stored 1n the digital oscilio-
scope.

are studied by cutting off /4. The intensities of the two beams were 15 mW each, the ref-
erence beam of 15 mW, and the overall laser power 30 mW (A = 488 nm).

The TBC experiment was then extended to measure phase conjugate signal by four-
wave mixing (FWM) process. A third beam counterpropagating with 7, is diffracted in
the direction of [; to form the phase conjugate signal. The signal was measured with the
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Fio 2. The growth and decay of phase grating m
IDLN crystal are shown. The de-level changes of the
intensity /; are measured

FIG 3 The growth of the phase conjugate signal and
the “through™ beam by the FWM geometry, and the
growth characierstics of two-beam coupling by the
TRC gcometry arc plotied.

overall laser power maintained at S0 mW, with the three beams having equal intensity.
The growth of 7, is simultancously monitored and is named as the ‘through beam’. Fig-
ure 3 shows the normalized curve of the TBC grating growth obtained as mentioned
carlier, phase conjugate signal, and the ‘through® beam. Efficiencies of the erder of 107
of TBC. ~107* of the ‘through® beam and nearly 107 in the case of phase conjugate sig-

nal of FWAL were obtamed.

1.0

o
®

o
»

0.4

NORMALIZED INTENSITY

]
¥

\N Vi A

| I ] ! e

150

25

450

Fi. 4 The ac variions of the two waves, /i and /3, are showi. Inset shows the wniting beams polarized perpen-
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The TBC experiment was repeated maintaining the laser power at 50 mW but the
intensity ratio of /3 and 7, was 4:1, The ac-level changes of /, and J, were monitorad.
it is observed that the oscillatory growth curve of the phase grating is seen to be modu-
lated by intensity 'fluctuations' of smaller time periods. The oscillatory pattern has a
period of oscillation >30 s while the intensity fluctuations are <3 s. Figure 4 shows the
osciliatory energy coupling between /) and /, of the TBC experiment in IDLN. The time
period of these intensity fluctuations was observed to vary on changing the intensity
ratios and varying the angles of interaction of /; and /.. Figures 5 and 6 show two suck
temporal intensity fluctuations at smailer time periods. The intensity ratio of /5 and Iy
was 5:1 with the angle of interaction being 60°. In zll the above experiments, the polari-
zation of the two beams was perpendicular to the plane of incidence. The reference wave
is subtracted from /; and /5. The normalization of the curves is governed by the expres-
sion
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where 5y and Jiye are, respeciively, the maximum and minimum values of intensiues.
The intensity fluctuations showed a characteristic dependence on the angle of interac-
tion, intensities of the input signals {{; and /,), and the overall laser power (a threshold
process).

3. Cenclusien

TBC experiment to study the growth of the volume phase grating in IDLN crystal was
carried out. The growth of the phase grating was osciliatory as expected with a time pe-
riod of several seconds. Prominent temporal fluctuations of much smaller time periods
that depended on the intensity ratios and the angle of interaction of the two beams were

seen to override the oscillatory growth pattern of the phase urating. The time periods of

A
3 VT
2 e
TNV
) IR
T
HNEER
Time (1unit=2 sec) Tirme { 1 unit = 50 x 10 Sec

sity fluctuations of 7, and /) m the
at & different angle of incidence of the
g s,

FiG. 5 The meensity fluctuations of £, and /> m the h
TBC geometry with 2 different miensity ratio of the TBC geometr;
npui bearns, /3 and L. wput beams,



570 PHOTOREFRACTIVE EFFECT IN LITHIUM NIGBATE CRYSTALS

these fluctuations decrease with increase in the angle of interaction of the two incident
beams.
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