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Polydomain periodically poled samples of iron-doped lithium niobate alow for phase grating recording
with the diffraction efficiency close to that ensured 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 with single-domain material.

PACS numbers: 42.65.Hw, 42.40.Pa, 42.65.5f

For the study and various practical applications of
ferroelectric nonlinear optical crystals either the single-
domain samples or the samples with specially designed
perfectly periodic domain structure are used (see, e.g.,
[1,2]). We show inthis Letter that the phase grating record-
ing in multidomain ferroelectric photorefractive crystals
with photovoltaic charge transport may be as effective as
in the single-domain material. At the same time the muilti-
domain crystals ensure the inhibited nonlinear response
at low spatial frequencies, i.e., suppress the undesirable
optical damage.

The reversible light-induced deterioration of optical
quality known as optical damage was first discovered in
bulk crystals of lithium niobate [3]. When the sample was
illuminated with a green or blue laser beam the strong
anisotropic nonlinear lens developed gradually, resulting
in dramatic wave front distortion of the transmitted beam.
This obvious drawback of LiNbO; for possible ap-
plications such as frequency conversion, electro-optic
modulation, and parametric oscillation appeared to be an
advantage for holographic recording [4]. Even arelatively
small refractive index change of the order of An =
5 X 107> alowed for the recording of a volume phase
holographic grating with nearly 100% diffraction effi-
ciency in a 5-mm-thick sample.

The first photorefractive optical memory was created
soon thereafter [5]. The great expectations about the possi-
bility to build up high-density holographic optical memory
with photorefractive crystals are still alive [6,7]. Unfor-
tunately, optical damage leads to degradation of the dif-
fracted beam quality. Any spatial variation of the recording
wave intensity, for example, Gaussian transverse profile
of the reference wave, results in the large-scale variations
of therefractive index, leading to the distortion of the wave
fronts. One task of the research developing optical mem-
ories is to find a compromise between the diffraction ef-
ficiency of the recorded hologram and acceptable quality
of the reconstructed wave front. This paper describes, to
our knowledge, the first experimental evidence of high-
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efficient holographic recording in multidomain LiNbOs;:
Y :Fe with periodically reversed spontaneous polarization
and demonstrates a considerable reduction of the large-
scale space-charge field in these samples.

The samples with the periodic domain structure (PDS)
are grown by the Czochralski technique with close congru-
ently melting composition Li/Nb = 0.942 in usual atmo-
sphere (i.e., with oxygen) and no after-growth treatment.
The structure of inverted ferroelectric domains is formed
by modulation of the yttrium concentation during the crys-
tal growth [8,9]. For thefirst timethe PDS samples are de-
liberately doped with Fe (about 0.006 wt %) to increase the
photorefractive sensitivity. The domain walls are nearly
paralle to the spontaneous polarization P, and the PDS
period L isabout 7 um (Fig. 1). Asdistinct from the pe-
ripheral areawhere the domain structure is well devel oped
the central part of the boule, near the growth axis, is a per-
fect single domain. This gave us areliable reference in the
same sample: the lateral displacement of afew mm is suf-
ficient to move from the PDS region to the single-domain
part of the sample. The thickness of the test sample with

FIG. 1. Domain pattern in periodically poled LiNbO; as seen
with the polarization microscope. Spontaneous polarization is
vertical. Horizontal black straight lines are scratches from
polishing.
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the faces parallel to the spontaneous polarization axis (and
domain walls) is 1 mm.

We first compare the divergence of the Ar*-laser beam
transmitted through the multidomain and single-domain
parts of the sasmple. The unexpanded beam with total
power of about 100 mW is directed nearly along the nor-
mal to the input face; the light polarization is chosen to
excite the extraordinary wave of the crystal.

Figure 2 shows the far-field patterns recorded with a
CCD cameraand the intensity distribution along the P, di-
rection. The initial divergence of the laser beam (without
the LiNbO; sample) has to be compared with the diver-
gence of the beam transmitted through the PDS part and
through the single-domain part of the sample. An obvious
inhibition of the optical damage can be seen for the PDS
part of the sample. This proves that the photorefractive re-
sponse at low spatia frequenciesis strongly suppressed in
PDS samples.

There have been several reports that periodically poled
lithium niobate is qualitatively more resistant to optical
damage than homogeneously poled crystals are [10—-12].
As distinct from these studies where pure LiNbO; crystals
and crystals with Mg doping were used to reduce optical
damage we report on the reduction of much stronger opti-
cal damage for deliberately Fe-doped material.

In the second experiment we compare the dynamics
of the diffraction efficiency of the 3D photorefractive
grating for these two regions of the sample. Two unex-
panded coherent light beams of nearly equa intensities
(= 2 W/cm?) impinge upon the sample in the plane par-
alel to the axis of spontaneous polarization. Both beams
are polarized identically with the electric field vector in
the plane of incidence. The full angle in air 26 between
the recording waves is 60°, i.e., the spatial frequency K
of the fringe pattern is K = 47 sinf/A = 12500 mm™".
Every 20 s one recording beam is stopped for a fraction
of a second and the intensity of the diffracted beam is
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FIG. 2. Steady-state far-field intensity distribution for single
light beam incident to the sample (a),(b) transmitted through the
single-domain sample (c),(d) and transmitted through the sample
with periodic domain structure of the same thickness (€),(f).

measured. The diffraction efficiency 7 is evaluated as the
ratio of the intensity of diffracted from the grating beam
to the total intensity of the transmitted readout beam and
diffracted beam.

The temporal variation of the diffraction efficiency is
plotted in Fig. 3 for the PDS part (squares) and the single-
domain part (circles) of the sample. One can see that the
dynamics of the recording are quite similar and the dif-
ference in absolute steady-state values of the diffraction
efficiency is less than 20%. This proves that photorefrac-
tive response at high spatial frequenciesremains nearly the
same in the PDS sample as in the single-domain sample.

These experiments confirm the possibility of optical
damage reduction in multidomain photorefractive crystals
with photovoltaic charge transport, predicted by Tayaet al.
[12] and efficient grating recording predicted by Sturman
et al. [13]. We recall the main line of explanation of this
unusual effect before the description of the additional
experiments.

The optical nonlinearity of photorefractive crystals is
due to the spatial redistribution of the photoexcited charge
carriers, formation of the space-chargefield E., and modi-
fication of the high-frequency dielectric constant e viathe
linear electro-optic effect [14]. The light-induced refrac-
tive index change is given by

An = —(1/2)n*rerEse €y

where n is the refractive index and r.¢ IS the effective
electro-optic constant. The space-charge field Es. may be
a consequence of charge redistribution in external electric
field or may appear because of photoexcited carrier diffu-
sion. The ultimate value of the space-charge field E. is
limited either by the external electric field Ey or by the
diffusion field Ep = (27 /A) (kgT /e) [where kg is the
Boltzmann constant, T is the temperature, e is the elec-
tron charge, and A is the characteristic scale of the spatial
intensity distribution, e.g., A = A/(2sind) is the fringe
spacing for grating recording].

In doped crystals with low conductivity the bulk photo-
voltaic effect [15,16] may also become an efficient source
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FIG. 3. Tempora variation of the diffraction efficiency
for single-domain sample (circles) and multidomain sample

(squares).
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of the charge separation and development of large space-
charge fields up to 10*-~10° V/cm. The short-circuited
illuminated sample generates the steady-state electric cur-
rent proportional in the smplest scalar case to the light
intensity I, j = Besrl, Where Bt is the effective photo-
voltaic constant. The amplitude of the space-charge field
which is due to photovoltaic charge separation is equal to
the effective photovoltaic field E,, = j/o, where o isthe
crystal conductivity [16]. The refractive index change for
photovoltaic photorefractive material is

An = —(1/2)n reg Best1 /o - 2

Let us now analyze the effect of the domain inversion on
grating recording. If we consider the diffusion-mediated
or drift-mediated charge separation the sign of the space-
charge field is independent of the orientation of the spon-
taneous polarization axis P; and remains the same in
adjacent domains. At the same time the effective electro-
optic constant in Eq. (1) does depend on the sign of P;.
This means that the contrast of the phase grating recorded
in the sample is reversed in every new domain with an
inverted P, direction. In other words there is a 7= shift in
phase of the recorded phase grating every time when two
light waves enter a new domain. The total recorded struc-
ture looks like a sequence of thin stripes (domains) with
complimentary phase gratings: maxima changed to min-
ima and vice versa in adjacent domains. It is quite clear
that the partial contributions to the diffracted wave from
the gratings in two adjacent domains will be also 7-out-
of-phase and integration over total sample thickness will
give a vanishing to zero intensity for the diffracted wave.

The result is quite different in the case of photovoltaic
charge separation. Here the direction of the photovoltaic
current depends on the orientation of the ferroelectric axis.
If the axis of spontaneous polarization is inverted both the
effective electro-optic constant and the effective photo-
voltaic constant change their signs so that the sign of An
remains unchanged [see Eq. (2)]. This means that there
is no phase shift between the photorefractive gratings
recorded in domains with the opposite direction of ferro-
electric axis. A gquestion remains. Isit possibleto find the
conditions where the amplitude of photorefractive grating
is also not too strongly affected by the domain inversion?

The theory gives the analytical solution for the space-
charge field in photovoltaic crystals with PDS [13]. For
light fringes with spacing A much smaller than the domain
period L the amplitude of the space-chargefieldinthe PDS
sample approaches that in a perfect single-domain sample.
If, onthe contrary, the spatial variation of thelight intensity
becomes much larger than the typical domain period the
corresponding space-charge field vanishes.

The explanation of this behavior is quite simple:  If
the period of the domain structure is much larger than the
fringe spacing A the space-charge field inside each domain
approaches the field that would be induced in a single-
domain crystal with the same orientation. The influence
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of the charges in other domains on the space-charge field
in consideration isrelatively small. In adjacent antiparallel
domains, the space-charge fields have the same strength
but opposite direction. A strong variation of the space-
charge field occurs near the domain wall where the field
passes a zero value.

When the fringe spacing A becomes larger the effect of
the transitional layers becomes important and the space-
charge field starts to decrease. For A > L (low spatia
frequency K) the space-charge field becomes strongly
reduced because of a quick alternation of positive and
negative photoinduced charges along each fringe. The
calculated space-charge field component along the grating
vector K is [13]

Ex = —Ep[1 — QG/mK)tanh(7K /2G)],  (3)

where G = 277 /L is the spatial frequency of the domain
grating. The normalized space-charge field Ex/E,, is
plotted in Fig. 4 as a function of the normalized spatial
frequency (K/G). For small fringe spacing (large K/G)
the space-charge field Ex approaches its ultimate value
E,, that can be reached in asingle-domain crystal whilefor
large-scale intensity variation (K << G) Ek is decreasing
as Ex « (K/G)? [12,13].

The vertical dashed lines in Fig. 4 show two particu-
lar (K/G) values for our experiment. For the recording
of a grating with A = 0.5 um in the PDS part we have
(K/G) = (L/A) = 14 and E is only 2% smaller than
E,y. With transverse dimensions of the laser beam d =
1.5 mm (K /G) = 0.01), calculation predicts = 10* times
reduction of the space-charge field as compared with E,,
typical for a single-domain crystal. By taking E,, =
2 X 10* V/cmfor LiNDO;:0.006 wt % Fe[17] we get the
large-scale space-charge field of the order of 1 V/cm; such
a field cannot provide any detectable effect on the trans-
mitted beam wave front.

In the experiment we have not seen the differencein the
divergence of thelight beam transmitted through the multi-
domain part of the sample and divergence of the beam inci-
dent to the sample, within our experimental accuracy (see
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FIG. 4. Spatia frequency dependence of the space-charge field
normalized to the ultimate value in the single-domain sample.
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FIG. 5. Angular dependence of the steady-state diffraction ef-
ficiency for single-domain sample (sguares) and multidomain
sample (circles).

Fig. 2). Atthesametimeasmall but well detectable reduc-
tion of the diffraction efficiency (An = 10%) for the PDS
sample as compared to the single-domain sasmpleisclearly
seen from Fig. 3. This difference in  can be attributed
in part to the additional contribution of the diffusion-
mediated recording [18] in a single-domain crystal (sup-
pressed in the multidomain sample). With fringe spacing
A =05 um the diffusion field Ep = 3200 V/cm
is not negligible when compared to photovoltaic field
Epy =2 X 10* V/cm,

Finally we compare the angular dependences of the
diffraction efficiency for single-domain and multidomain
samples for small crossing angles 6 (Fig. 5). For single-
domain crystal the efficiency is nearly constant within the
error range shown by the horizontal stripe while for the
multidomain part it becomes smaller with the decreasing
angle. Qualitatively it fits our expectations: For 26 = 4°
the light fringes spatial frequency K is egqual to the spa-
tial frequency of the domain structure G. According to
Eq. (3) the space-charge field for K = G becomes E. =
0.4E,, and the estimated diffraction efficiency should be
n = (15%-18%). The spread of experimental datafor n
is too high to check the theoretical dependence given by
Eq. (3), but qualitatively the tendency to smaller » for the
decreasing beam crossing angle is quite obvious.

The inhibition of optical damage demonstrated in this
Letter is also of importance for all applications of periodi-
cally poled LiNbO;:Y:Fe for nonlinear wave mixing in-

cluding phase conjugation, amplification of image bearing
beams, and coherent self-oscillation.
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