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Abstract

We show with specially grown iron-doped lithium niobate crystals that multi-domain periodically poled samples of
iron-doped lithium niobate (PPLN) allow for phase grating recording with the diffraction efficiency close to that en-
sured by a single-domain sample with identical thickness. At the same time the optical damage induced by a finite
transverse size light beam is considerably reduced in the periodically poled sample as compared to the single-domain

material. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

If the dynamic grating recording is performed
in a ferroelectric photorefractive crystal the
standard requirement is to use either a perfectly
single-domain sample or, at least, the sample with
the amount of antiparallel domains as small as
possible. This restriction is fully justified for the
grating recording in crystals with the diffusion-
mediated charge transport or drift in an external
electric field: The space charge field that appears
in the sample is independent of the polar axis
orientation while the effective electrooptic con-
stant does depend on spontaneous polarization
direction. This results in m-shift of the recorded
grating in every new domain with antiparallel
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spontaneous polarization and therefore in the
reduction of the integral diffraction efficiency of
the grating.

We report in this paper on the recording of
the efficient volume phase gratings in the bulk
iron-doped lithium niobate crystals with the pe-
riodic domain structure (periodically poled lith-
ium niobate, PPLN). Such a recording becomes
possible in this material because the dominant
charge transport process is here the bulk photo-
voltaic effect [1,2]. It is shown also that the iron-
doped PPLN are much more optical-damage-re-
sistant as compared to homogeneously poled
crystals with the same impurity content. PPLN
attracts attention of the researches mainly as a
promising material for such quasi-phase-matched
nonlinear interactions as frequency harmonics
generation and parametric oscillation [3,4]. Our
results suggest that the doped PPLN with bulk
photovoltaic effect can be efficiently used also for
frequency degenerate four-wave nonlinear inter-
actions.
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2. Crystal synthesis and characterization

Periodically poled LiNbO;:Y:Fe single crystals
are grown along the (2110) crystallographic di-
rection (X-axis) by the Czochralski technique from
a close congruently melting composition Li/
Nb=0.942. The crystal is pulled at a rate 5 mm/h
and a rotation rate 12 rpm, resulting in a 7 m
domain structure period. After growth termina-
tion the crystal is abruptly separated from the
melt and then cooled down at a rate of about
60°C/h. In the Czochralski-grown doped
LiNbO;:Y single crystals, a regular domain
structure is connected with the rotation-induced
growth striations. Periodic temperature oscilla-
tions on the crystal-melt interface that arise dur-
ing the crystal growth lead to the modulations of
the instantaneous growth rate [5]. Due to the
growth rate dependence of the effective distribu-
tion coefficient ke # 1, this results in the modu-
lation of the impurity concentration along the
growth direction. The rotational striations are the
source of periodically reversed ferroelectric do-
mains with a period (L) that depends on the
pulling rate and rotational rate.

Thus, the yttrium impurity leads to the devel-
opment of the periodic domain structure in Czo-
chralski-grown LiNbO; and, on the other hand,
retains the crystal transparent within the 0.35-4.5
um wavelength range [6,7]. The iron doping is used
to increase the photorefractive sensitivity of the
material. The impurity content is measured using
wave dispersive spectrum X-ray microanalysis by
the scanning electron microscope (JSM-840).
Camebax SX-50 is used for impurity concentration
measurements, the oxides are used as the stan-
dards. The following impurity concentration is
measured with the X-ray microanalysis for the
studied sample k—241:Fe—(0.006 & 0.001) wt%, Y —
0.736 wt%.

It is known that LiNbOj; crystal grown along X-
axis consists of two basic domains of opposite sign
[8]. The boundary between positive and negative
basic domains is perpendicular to Z-axis. With the
technique described above, aiming to get PPLN
material both main domains are transformed into
a periodic domain structures, still with the single
domain area separating the two PPLN area.

The ferroelectric domain structure in the
Y:LiNbO; crystal on the {0110} surface was re-
vealed with the selective chemical etching (1:2 v/v
HF and HNOj; mixture in a Pt-crucible during 20
min at boiling temperature). After etching the
samples were observed using a metallographic
microscope to evaluate the domain spacing and to
find the position of the single-domain area. Fi-
nally, the sample was cut (1 x 4 x 15 mm?® along
x, y and z directions, respectively) and optically
finished, with the input and output faces parallel to
the domain walls and spontaneous polarization. In
the central part of the long polished face the
sample has a single domain area with a cross-sec-
tion about 3 mm. This part of the sample was used
as a reference to compare the photorefractive
properties of PPLN:Fe with those of single do-
main crystal of the same composition and same
impurity content.

3. Experiment

We first compare the divergence of the Ar’-
laser beam transmitted through the periodically-
poled and single-domain parts of the sample. The
beam with total power about 100 mW is directed
nearly along the normal to the input face, the
light polarization is chosen to excite the extraor-
dinary wave of the crystal. The gaussian beam
waist at the input face of the sample (full width
between 1/e? points) is ~1.5 mm. The far field
intensity distribution along the spontaneous po-
larization direction is shown in Fig. 1 for (a) the
incident laser beam (with the crystal removed),
for the laser beam transmitted through the single
domain part of the sample (b) and for the laser
beam transmitted through the PPLN (c). An
obvious inhibition of the pronounced optical
damage [9] can be seen for the periodically poled
part of the sample.

Next, the photorefractive gratings are recorded
with two unexpanded extraordinarily polarized
coherent light beams that impinge upon the sam-
ple at an angle 60° in air forming the fringes with
the spacing A4 =~ 0.5 um. Two beams have nearly
the same intensities to avoid the effect of the fringe
bending typical for the crystal with the local
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Fig. 1. Far-field intensity distribution of the laser beam incident upon the sample (a), transmitted through the single domain part of the
sample (b) and transmitted through the periodically poled part of the sample (c).

nonlinear response [10]. Because of relatively small
photoconductivity the recording is slow; it takes
more than 10 min to reach the steady-state dif-
fraction efficiency. The ultimate diffraction effi-
ciency (evaluated as the ratio of the intensity of the
diffracted beam to the total intensity of two output
beams) reaches approximately 80% for the single
domain part of a sample and it is about 60-65%
for PPLN. Thus we conclude that the photore-
fractive response of PPLN:Fe at high spatial fre-
quencies is close to that of the sample with
uniform poling. This differs strongly from the ef-
fect at low spatial frequencies where the photore-
fractive response is drastically reduced.

4. Discussion

The results of our measurements are in quali-
tative agreement with the theories [11,12] describ-
ing the nonlinear response of the periodically
poled ferroelectric photorefractive crystals. The
calculated component of the space-charge field is
Ex = —E,[1(24/nL) tanh(nL/2A4)].

For small fringe spacing the space charge field
Ex approaches its ultimate value that can be
reached in single-domain crystal, equal to the ef-
fective photovoltaic field £y, while for large scale
intensity variation (A > L)Ex is decreasing as
Ex o (A/L)*.

The domain width in the sample is L ~ 7 um.
With the angle between two writing beams
20 = 60° the fringe spacing is A~ 0.5 pm so
that (A/L) =~ 0.07. The calculated space charge

field for this value of (A/L) is exactly the same
as for grating recorded in a single-domain crys-
tal [13].

The transverse dimension of the laser beams
used for grating recording is d ~ 1.5 mm, i.e.,
(d/L) ~ 200. For such a value of (d/L) the calcu-
lation predicts 5 x 10* times reduction of the space
charge field as compared with E,,, typical for single
domain crystal. With E,, ~2 x 10* V/iem for
LiNbO;:0.005 wt%. Fe [14] we get the large-scale
space charge field below 1 V/cm; such a field is too
small to produce the detectable effect on the
transmitted beam wave front.

The reported inhibition of the optical damage
at low spatial frequencies can be of interest for the
photorefractive optical memories [15] and for all
applications involving volume grating recording in
lithium niobate and other crystals with photovol-
taic charge separation.
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