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Holographic gratings were recorded in a ferroelectric bismuth titanate crystal. Refractive index as well as
absorption gratings contribute to the recording process with modulation amplitudesDn51.831025 and
Da50.8 cm21, respectively. The dominating charge transport mechanism for the formation of the space-
charge field in the crystal is diffusion. The dependence of the photorefractive gain on the writing crossing angle
and thus the effective photorefractive charge density of our sample was determined by beam-coupling experi-
ments.

I. INTRODUCTION

Bismuth titanate~Bi 4Ti 3O12) is one of the bismuth com-
pounds with a layer structure of oxygen octahedra. It has
interesting electro-optical properties, i.e., it has ana-axis
component as well as ac-axis component of remanent polar-
ization and exhibits different orientations of the optical indi-
catrix corresponding to two states of remanent polarization,
which makes it useful in optical memory and display
applications.1 In the past, it was extensively studied for ferro-
electric optical memory devices.2,3 But up to now there
is no report on the photorefractive properties of this crystal
to our knowledge. In this paper we report our experimental
studies on holographic recording and beam coupling in
Bi 4Ti 3O12. This is the first time, to our knowledge, that
holographic recording employing the photorefrative effect
in this material has been realized. There are several reasons
why we chose this crystal for our experiments.~1! At
room temperature this crystal is in a ferroelectric monoclinic
phase with the symmetry of point groupm, in contrast to
most other popular photorefractive crystals which possess
higher symmetries such as 4mm ~BaTiO3 , SBN! or 3m
~LiNbO3). To date there are only scarce reports on photore-
fractive materials with monoclinic symmetry. Examples are
triglycine sulfate~TGS! ~Ref. 4! and Sn2P2S6 .

5 ~2! There
are more than 60 compounds in the Aurivillius family which
have layered-structure perovskite phases and most of them
are ferroelectric like Bi4Ti 3O12,

6 so that the study of this
crystal may give some important clues in the search for new
photorefractive materials.

II. EXPERIMENTAL METHODS

The Bi4Ti 3O12 sample used in our experiment was grown
using modified Nacken-Kyropoulos technique at our univer-
sity. The dimension of the sample is 0.7634.6537.90
mm3. The orientations of the axes are shown in Fig. 1~a!.
The sample is cut with respect to the paraelectric phase and
almost completely poled to single domain. The extinction
spectrum is shown in Fig. 2, in which the reflections of the
surfaces have been accounted for.

The usual experimental configurations for holographic re-
cording and two-wave mixing were employed in our
experiments.7 An Ar 1 laser operated in the TEM00 mode at

a wavelength of 514.5 or 488 nm and the polarizaton of its
output beam was controlled by a half-wave plate. In the ho-
lographic experiment, one of the writing beams was used
also as the readout beam by simply blocking the other writ-
ing beam. We define the diffraction efficiencies as
h15I 1d /(I 1t1I 1d) ~beam 2 blocked! and h25I 2d /
(I 2t1I 2d) ~beam 1 blocked!, where I 1,2d and I 1,2t are the
diffracted and transmitted intensities of beamsI 1 and I 2 ,
respectively. The notations for the beams are shown in Fig.
1~b!.

III. EXPERIMENTAL RESULTS

In the first experiment we chose the polarization of both
incident beams along the horizontal or vertical direction and
defined the angle between grating vector and theb axis as
F. By rotating the crystal around thec axis, the measured
diffraction efficiency (h1) is shown in Fig. 3 as a function of
F. It can be seen from this figure that the maximum value of
h1 occurs when the grating vector is along thea axis and the
polarization of both beams lies in the plane of incidence. In
the subsequent experiments we used this geometry of maxi-
mum efficiency.

The time dependence of holographic recording and era-
sure in this sample is shown in Fig. 4. The remarkable dif-
ference betweenh1 and h2 indicates, according to Ref. 8,
that refractive-index and absorption gratings with a phase

FIG. 1. Crystal orientation~a! and experimental arrangement
~b!. 1V denotes the positive electrode for poling. The angle of the
b axis to the 4.65 mm long edge is 40°. Beams 1 and 2 have the
same polarization lying in the plane of incidence.
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shift with respect to each other are present in this crystal.
In order to prove this conclusion, we shifted the crystal

along the grating vector with a piezoelectric transducer at a
speed much faster than the holographic grating response after
the grating was written in the crystal.7,9 The changes of both
output intensities as a function of the shift of the crystal are
shown in Fig. 5. It can be clearly seen that the intensity
changes of both beams have opposite phase and different
amplitudes, which indicates that refractive-index as well as
absorption gratings coexist. As described by Sutter and
Günter,9 if the translation time is much shorter than the time
needed to build up a new grating, and under the condition
that the diffraction efficiencies are small, the sum@ I1(x)#
and the difference@ I2(x)# of the intensities of both interact-
ing beams (I (1) andI (2)) behind the crystal can be written as

I1~x!5I ~1!1I ~2!

5I 0exp~2ad/cosu!@224a cos~fa12px/L!#,

~1!

I2~x!5I ~1!2I ~2!

5I 0exp~2ad/cosu!@24p sin~fp12px/L!#,

~2!

whereL is the grating spacing,I 0 the incident intensity, and
u the half crossing angle between both writing beams inside
the crystal.I1(x) and I2(x) oscillate with relative ampli-
tudes 4a and 4p which are related to the absorption and
refractive-index modulationsDa andDn, respectively:

p5
pDnd

l cosu
, a5

Dad

4 cosu
. ~3!

Herefp andfa are the phase shifts of the refractive-index
and the absorption gratings with respect to the intensity pat-
tern, respectively. By recordingI1 and I2 as a function of
grating translationx, the phase shift as well as amplitude of
the refractive-index and absorption gratings can be deter-
mined. Using this technique we measured the mean values
fp'90° andfa'0° for the phase shifts of these two grat-
ings and determined also that the saturated refractive-index
modulation is about 5.831026, and the absorption modula-

FIG. 2. Extinction spectrum of the sample used at room tem-
perature taking reflection losses into account.

FIG. 3. Measured diffraction efficiencyh1 at different angles
F (F is the angle between grating vector andb axis! for horizontal
and vertical polarizations.

FIG. 4. Write-erase cycle of the sample used. Hereh1 andh2

denote the diffraction efficiencies as defined in the text.

FIG. 5. Changes of both output intensities as a function of the
external shift of the crystal along the grating vector.
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tion is about 0.3 cm21 under the following experimental
conditions:l5514.5 nm,L51.2 mm, and an intensity of
0.5 W cm22. Because of reflection and extinction losses the
intensities of the beams at the output surface are decreased to
about 28% (l5488 nm, 25%) of their original values.

Unfortunately, because of a lack of mechanical resolution
in the piezoelectric transducer, it is difficult to obtain the
corresponding information when the grating spacing is small.
But based on the above measurement, we assumed that the
dephasing of both gratings is 90° and measuredh1 andh2 at
various conditions. From the result in Ref. 8 we obtainh1
andh2 when the diffraction efficiencies of both gratings are
very small:

h1,25S pd

l cosu D 2@~Dn!21~Dk!26DnDk#, ~4!

whereDk5Dal/2p is regarded as an effective absorption
index change.

In the experiments we first recorded the rise ofh1 and
h2 . ~We recorded both curves separately under the same
conditions. The results were reproducible with an accuracy
better than 4%.! We then calculatedDn andDk according to
the above equations. It is found that the maximum modula-
tions of refractive and absorption indices are
Dn51.831025 and Dk56.631026, respectively, for a
grating spacing of 0.5mm and a wavelength of 514.5 nm.
Clearly, the absorption-index modulation corresponding to a
changeDa50.8 cm21 of the absorption constant in this
condition is much smaller than the refractive index modula-
tion; that means that the refractive-index grating dominates
in the holographic recording. The measured diffraction effi-
ciencyh1 under this condition is about 1.12%.

We also measured the time constantt for dark decay
of the refractive grating with this method. Under the
same condition as described above, the measured dark decay
time constant ist576 s. From t5ee0/4psd and with
e5120,10 we obtained for the dark conductivity
sd51.1310212 (V m)21.

From the above experimental result on the phase shift of
the refractive-index grating with respect to the intensity pat-
tern, we know that diffusion of photoinduced charges is the
main transport mechanism which is responsible for the pho-
torefractive effect in Bi4Ti 3O12. This indicates also that
there should be an energy exchange for two-wave mixing
without application of an electric field to the crystal.

In our two-waving mixing experiment we chose a beam
ratio I 1 /I 2 of about 200. Energy is always transferred to-
wards the positivea axis, which is defined here as the direc-
tion towards the negative electrode applied for poling. Be-
cause coupling is not very strong and depletion of the strong
beam is negligible, the beam-coupling gain can be defined as

G5
1

d
lnS I 2~ with pump beam!

I 2~ without pump beam!
D . ~5!

Its dependence on the crossing angle between both interact-
ing beams was measured and is shown in Fig. 6 in which the
solid curve is the best fit to the relationship:11

G5
2p

l

r eff
n cosu

kBT

e

K

11~K/KD!2
, ~6!

where r eff is the effective electro-optic coefficient,
K52p/L, and KD is the inverse Debye screening length
which is defined as

KD5Ae2Neff /~ee0kBT!. ~7!

With the valueKD58.33106 m21 from the best fit, we ob-
tain the effective densityNeff51.231016 cm23 of photore-
fractive centers. From the fit to the experimental data we also
obtain an effective electro-optic coefficient of about 7.8
pm/V assuming that there is no electron-hole competition.
The maximum gain obtained is 2.8 cm21 for a wavelength
of 514.5 nm and grating spacingL50.75 mm.

It should be emphasized that the present work is targeted
on an optical storage principle which is different from the
ferroelectric optical memory device reported in the past, be-
cause there is no applied electric field in either the writing or
reading process to reverse the component of polarization. It
is clear that the refractive-index grating is caused by the
light-induced space-charge field, which modulates the refrac-
tive index via the linear electro-optic effect. But the mecha-
nism for the absorption grating is not known yet. In the
present experiment we failed to find the exact formation
regularity of the absorption grating. Generally speaking, its
magnitude changes with the variation of the crossing angle
and its response time is of the same order as the photorefrac-
tive response, but both gratings are phase shifted byp/2 with
respect to each other. It seems that the photochromic grating
which is produced by periodically ionized deep-level and
free-carrier distributions is responsible for the modulation of
absorption.12 Further experiments with Bi4Ti 3O12 crystals
with better optical quality need to be conducted to find the
mechanism responsible for this absorption grating.

Because the present sample was cut with respect to the
paraelectric phase, many fundamental photorefractive param-
eters of this crystal cannot be characterized. But the present
experiments have shown clearly that this crystal has some
interesting photorefractive properties, for example, with such
a partially poled sample, a moderate photorefractive gain
was measured, and with diffusion as the dominating charge

FIG. 6. Two-beam coupling gain as a function of half of the
external crossing angle.
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transport mechanism, it has the optimal phase shift between
the refractive-index grating and intensity pattern for beam
coupling. Photorefractive properties of this material might
still be optimized by proper doping.

IV. CONCLUSION

We reported experimental results on holographic record-
ing and beam coupling in the ferroelectric crystal
Bi 4Ti 3O12. Both a photorefractive and an absorption grating
contribute to the measured diffraction efficiency of more
than 1%. The photorefractive grating is dominated by diffu-

sion of free carriers which are responsible for the formation
of the space-charge field. There is an energy exchange be-
tween the two interacting beams without application of an
electric field and the beam coupling gain is about
2.8 cm21.
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