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Anomalous long-time increase of the diffraction efficiency is observed in dark-decay experiments of photorefractive

gratings in Ce:BaTiOg3. It is deduced that a phase-conjugate beam is induced by the writing beam at acute angle to

the +c axis of the crystal and it interferes with the other writing beam to form a second grating which is perpendicular

to the first grating formed by the interference between two writing beams. The rising behaviour of the diffraction

efficiency results from the different decay rates of these two photorefractive gratings. Furthermore, a simplified model

of two gratings, both induced by two deep traps, is proposed to account for this phenomenon and the fitting results

agree well with the experimental results.
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1. Introduction

The dark decay of photorefractive grating refers
to the decay of photorefractive space-charge field in-
duced by the translation of thermally generated free
The dark decay

time of photorefractive grating is of significance for

carriers under the dark condition.

photorefractive data storagell"?! and for the applica-
tion of optical phase conjugation.®! On one hand, re-
searchers have attempts to find photorefractive ma-
terials with longer decay time constants.[*5] On the
other hand, the study of dark decay behaviours in
photorefractive crystals stimulates the development of

photorefractive dynamics.[6—9!

Generally, the strength of the diffracted beam of
photorefractive grating decreases along with the decay
of photorefractive grating under the dark condition.
It was reported by Tayebati et al, however, that in
theory, normalized diffraction efficiency could increase
and even exceed 1 within the first few seconds in the

dark decay process.l”) Afterwards, they presented the

experimental evidence of the rising behaviours along
with their theoretical interpretation in Ref.[10]. Fur-
thermore, normalized diffraction efficiency exceeding
1 was exhibited in the experimental results of four-
wave mixing in BaTiOj3 crystal presented by Imtiaz
Ahmad Taj et al'1]

Up to now, the reported ascending phenomena
of the diffraction efficiency in dark decay experiments
of photorefractive gratings were all explained by the
shallow-deep model on such condition that the charge
grating in the shallow trap has opposite sign to that
in the deep trap. Additionally, the rising processes of
the diffraction efficiency in previous experiments all
merely lasted for a short time (a few seconds). In this
article, we report for the first time, the observation of
an anomalous long-time increase (several hours) of the
diffraction efficiency in the dark decay experiments of
Ce:BaTiOg, and deduce that this phenomenon does
not result from the interaction between charge grat-

ings with opposite signs in the shallow and deep traps
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but from the interaction between two mutually per-
pendicular photorefractive gratings formed inside the

crystal.
2.Experimental setup

The experimental arrangement (Fig.1) and proce-
dures are depicted in Ref.[8] except that a half-wave
plate \/2 is used here to obtain either e-polarized or
The polarized Ce:BaTiO3 used

in our experiments was 0° cut and its dimension was

o-polarized beams.

7.09mmx6.42mmx4.14mm with the c-axis along the
7.09-mm-long edge (the Ce:BaTiOj3 crystal was pur-
chased from the Institute of physics, Chinese Academy
of Sciences). Photorefractive grating is written by two
cw-532nm laser beams crossing inside the crystal. Af-
ter saturation of the grating, one of the writing beams
is blocked with a shutter and the other writing beam,
which is attenuated by a neutral attenuator ND, and
is used as the readout beam directly. So the Bragg
It is

also approved experimentally that the erasure effects

matching condition is satisfied automatically.

of the readout beam on the original grating could be
ignored by controlling both the readout beam inten-
sity and duration. The diffracted beam of the grating
which transmitted in the same direction as W is mea-
sured by photomultiplier PMT.

Wi

Ce:BaTiO3

Fig.1. Experimental arrangement for measuring the

dark-decay characteristics of photorefractive grating.
3. Results and discussions

3.1. Experimental results

In the two experiments which we carried out, the

powers of the two writing beams are both equal to

10mW and the incident angle 6=25°.
wave vector K = 2m/A = 10(pm™"'), where the grat-
ing interval A = A\/2nsin @ = A/2sin 6, X is the wave-

length of the writing beams in vacuum, 26 and 26’ are

The grating

the angles included between the two writing beams on
the surface and inside the crystal respectively, n is the
refractive index of the crystal.

In the first experiment, both of the writing beams
are e-polarized. The curve of the normalized diffrac-
tion efficiency versus time (the increasing curve) is
plotted in Fig.2, from which we can see that the
diffraction efficiency decays a little for about 10min
in the beginning and then keeps rising for hours. In
the second experiment, by contrast, both the writ-
ing beams are o-polarized. The curve of the normal-
ized diffraction efficiency (the decreasing curve) is also
plotted in Fig.2. Note that the diffraction efficiency
does not exhibit a rising behaviour as observed in the

e-polarized experiment.
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Fig.2. Traces of diffraction efficiency when both the
writing beams are e-polarized or o-polarized (normal-
ized to its initial value at t=0).

3.2. Discussions

According to the shallow-deep model, if the
charge gratings formed during illumination in the deep
and the shallow traps have opposite signs and the
two traps decay at different rates, the resulting space-
charge field and thus the diffraction efficiency might
initially increase. As the decay time constant related
to the shallow trap in pure or doped BaTiO3 crystals
is usually in the order of seconds, the rising process
also ends in a few seconds.["1%11] However the rising
process of the diffraction efficiency in our e-polarized
experiment lasts for more than 10h, which is much
longer than those reported in the previous researches.

Therefore, the mechanism based on the shallow—deep
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model could not be used to explain the long-time in-
crease of the diffraction efficiency observed in our ex-
periment.

In Ref.[8], it has been observed that for the
Ce:BaTiO3 crystal, the contribution of the shallow
trap to the whole charge grating could be ignored and
that the Ce-ion and Fe-ion deep traps are the two
main traps involved in the forming of photorefractive
grating, whose behaviour can be interpreted by the
two deep-trap model. As in the shallow—deep model,
the diffraction efficiency could exhibit a long-time in-
crease if the signs of the charge gratings in the two
deep traps are opposite. This explanation, however,
fails to account for the decay curves shown in Fig.2,
because the temporal behaviour of the diffraction effi-
ciency with o-polarized writing beams should be sim-
ilar to that with e-polarized writing beams, which is
obviously inconsistent with our experimental results.

Noting the dramatic distinction between the tem-
poral behaviours of the diffraction efficiency in e-
polarized and o-polarized experiment, we then focus
our attention on the different effects caused by dif-
ferent polarizations of the incident lights. As the ef-
fective electro-optic coefficient for the e-polarized inci-
dent beam is much larger than that for the o-polarized
incident beam, the e-polarized writing beam is more
likely to induce self-pumped phase-conjugate beam
than the o-polarized beam is. So we deduce that it
is the formation and existence of the phase-conjugate
beam that leads to the increasing behaviour of the
diffraction efficiency under the dark condition. The
In the

e-polarized experiment, two mutually perpendicular

mechanism could be described with Fig.3.

gratings, in which grating 1 is induced by the inter-
ference between two writing beams W7 and W5, and
grating 2 is induced by W5 and the phase-conjugate
beam PC of Wy, coexist inside the crystal. When the
crystal is illuminated by a weak readout beam R trans-
mitting in the same direction as Wj, i.e., R is Bragg-
matched with both grating 1 and grating 2, two 1st
order diffracted beams are formed, in which O is from
grating 1 in the direction of W, and Os is from grating
2 in the direction of PC, respectively. As the intensity
of the diffracted beam (Oy) is positively related to the
strength of grating 1 and negatively related to grating
2, the decay of grating 1 will cause the intensity of O
to decrease whereas the decay of grating 2 will cause it
to increase. So under the dark condition, if grating 2
decays faster than grating 1 does, the intensity of the
diffracted beam O; could ascend. In the o-polarized

experiment, however, since the phase-conjugate beam
has not been built up at all within the illumination
duration or its intensity is so weak that its effects can
be ignored, only one photorefractive grating (grating
1) exists inside the crystal. Therefore, the diffraction
efficiency does not ascend but decays according to the

two deep-trap model.
PC(07) R

K

K,

\}

+c

w2 W1(04)

Fig.3. Mutually perpendicular gratings in the crys-
tal (grating 1 is induced by the interference between
writing beams W7 and Wa, and grating 2 is induced
by W and the phase conjugate beam PC).

4. Simplified model and fitting for

the experimental results

4.1. Model

Assume that the two mutually perpendicular
refractive-index gratings formed in the crystal are in-

dependent to each other and they can be written as
1 .
ny =ng + iAnlexp(—lKlz)
1 .
+ §An1exp(—|—1Klz), (1)
1 .
ng =ng + EAnzeXp(—lez)
1 .
+ EA’I’LQGXP(—FIKQZ), (2)

where n, and ny are the refractive indices of grating 1
and grating 2 respectively. mg is the refractive index
of the crystal without illumination, An;, Ans are the
refractive index modulations induced by the photore-
fractive effects, K1, Ko are grating wave vectors of
grating 1 and grating 2 respectively and K11 K.
When an individual photorefractive grating in
a crystal is illuminated by a Bragg-matched read-

out beam, the diffraction efficiency can be written as
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n= II—? o |E5¢|% oc (An)? if the refractive index mod-
ulatiorll An of the grating is very small.[”l Here, F5 is
the intensity of space-charge field formed by the writ-
ing beams in the crystal, I; is the power of the readout
beam and I the power of the diffracted beam. There-
fore, Ip o< I;(An)?.

When two photorefractive gratings coexist inside
the crystal and both of them are Bragg-matched with
the readout beam, two diffracted beams Oy, O would
be produced. Due to the interaction between the
two gratings, the relationship between the powers of
the diffracted beams Ip1, Ips and the power of the
readout beam I; should also be modified, which can
be written as Io; oc a3 l;(Ang)?, Ios o< asl;(Ans)?
where o and «as are modified coefficients for Ip; and
Ioo respectively. Firstly, since a; and as represent the
effects of the coexistence of two gratings, they must
be functions of An; and Ans. Secondly, a; and as
should obey the rule that the stronger the grating is,
the greater the power of the diffracted beam related
to it will be. Finally, oy and as must be able to rep-
resent the situation of an individual grating. For ex-
ample, if only grating 1 exists (Any = 0), a; must
equal to 1 and thus Ip; o I;(Ang)?. Taking into ac-

count these three prerequisites which a; and as must
(An1)2

(An1)2 + (Ang)? and

satisfy, we postulate that a; =

(A?’Lg)Z
(Anp)? 4+ (Ang)?’

rewritten as

Then Ip; and Ips can be

Qg =

Anl 4

(An1) :
(Ang)? + (Anz)zL’ )
(An2)4 :

(Ang)? + (An2)2L' )

In the previous dark-decay experiments of pho-

IOl X Oélji(Anl)2 =

Iog X agfi(An2)2 =

torefractive grating in Ce:BaTiOs,® it was observed
that two deep traps, i.e. Fe-ion deep trap and Ce-ion
deep trap, both participate in the photorefractive pro-
cess. According to the two deep-trap model, when the
crystal is under the dark condition and there is no ex-
ternal electric field, the two deep traps respond to the
incident light separately and their respective electric
fields are linearly superposed to form the whole elec-

tric field which is given by
t t
5=(0) = B5 e~ L ) +Ex O (- L), 9
TC TF

where E¥(0) and EF(0) are the steady-state intensi-
ties of the space-charge fields in the Ce-ion deep trap

and Fe-ion deep trap respectively (subscript C and F
stand for Ce and Fe respectively). The decay-time
€

constants of the two deep traps are 7¢ = and
N pgNc
Tp = ———, where ¢ is the dielectric constant, p is
HgNp

the hole mobility, ¢ is the electric quantity of a car-
rier, N¢ and Np are the hole concentrations in the two
deep traps respectively, and it is known that 7¢ > 7
due to the deeper energy level of Ce-ion in bandgap.
Because An(t) oc E*°(t), the refractive index modula-
tion of the grating also decays with two exponentials

which can be written as

Ana(t) =Any (0) :acexp< _ %)

+aFexp<— %)] (6)

Ans(t) =Any(0) bcexp< - %)

+bFeXp< t>], (7)
TF
where Any(0) and Any(0) are the refractive index
modulations of the two gratings in the steady state
respectively. ac, arp and bc, bp represent the pro-
portion of the space-charge field in each deep trap to
the whole steady-state space-charge field for grating 1
and 2 respectively. Substituting 0 for ¢ in Eq.(6) and
(7) yields ac + ap = 1 and bc + bp = 1. Supposing
Any(0) = BAny(0), we can rewrite Eqgs.(6) and (7) as

Any(t) =An; (0) [acexP< . i)
ra-aer(- )| @

An(t) =BAn, (0) [bcexp( - i)
ra-toen( - L)@

In our experiments, the intensity of the diffracted
beam O; was measured and the normalized diffraction

efficiency related to it is given by

. _Toi(®)/5i _ Toa(t)
" T 161(0)/L T Io1(0)

[Any(8)]*
[An ()] + [Ana ()]

[Any(0)]

1+ 52

[Anq(t)]* L L+p

[Any (8)]2 + [Anay(8)]?  [Ang (0)]2

(10)
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4.2, Fitting for the experimental results

In Fig.4, the rising curve is the fitting result to the
e-polarized experimental data in Fig.2 with Eq.(10)
(the dots show the experimental data and the solid

line is the fitting curve).

2.0

1.8 1
1.6
1.4
1.2:

1.0

0.8

Normalized diffraction efficiency

0.6 K=36(pm™1)

0 20000 40000 60000 80000

Time in dar/s

Fig.4. Traces of diffraction efficiency when the writing
beams are both e-polarized but with different incident

angles (normalized to its initial value at t=0).

From the fitting, the fast decay time constant 7@
of 9 x 10%s is obtained. The slow decay time con-
stant, however, could not be obtained correctly as the
measurement duration is so short compared with 7¢.
But when 7¢ > 1.7 x 10%s, the variation of 7¢ has
almost no effect on the fitting curve which indicates
that 7¢ is larger than 1.7 x 10%s. The values of 7¢
and 7g are consistent with the results of our previous
experiments. 8!

According to the two deep-trap model, the greater
the contribution of the Fe-ion to the whole space-
charge field is, the faster the grating decay will be.
In our e-polarized experiment, the fitting value of ac
is 0.53 and b¢ is 0.15, i.e. ap = 0.47 and brp = 0.85.
Therefore the contribution of the Fe-ion to the whole
space-charge field in grating 2 is greater than that in

grating 1 and thus grating 2 decays faster than grating
[An (8)]*

[Ana (D)]* + [Any ()]

falls faster than Any, 7yor1 could exhibit an increasing

1 does. As Mpor1 when Ans

behaviour, which is shown by the rising curve in Fig.4.

The decreasing data in Fig.4 is the result of an-
other e-polarized experiment in which the incident
angle 0=9°(K = 3.6um!). It is obvious that the
diffraction efficiency does not show a large increase
as observed in the previous e-polarized experiment,
this distinction results from the different incident an-
gles of writing beams in the experiments. It has been
demonstrated that for the Ce:BaTiOj3 crystal used in
our experiment, the more the incident angle 0 of the
writing beam approaches 55°, the larger the effective
electro-optic coefficient is and thus the greater the in-
tensity of the induced phase-conjugate beam is.[?l Due
to the small incident angle §=9° and thus the small
effective electro-optic coefficient, the phase-conjugate
beam induced in the crystal is so weak that the sec-
ond grating (grating 2) is negligible. According to the
two deep-trap model, in the presence of an individual
photorefractive grating, the intensity of the diffracted
beam will decay under the dark condition. The de-
creasing data in Fig.4 is fitted with Eq. (10) as 3 is
fixed as 0, which means that grating 2 is neglected.
Similarly, the decreasing data in Fig.2 which is ob-
tained from the o-polarized experiment can be fitted
by this method as well and the fitting curves agree

well with our experimental results.
5. Conclusion

In this paper, we report, for the first time, the
observation of an anomalous long-time increase of the
diffraction efficiency in the dark decay experiments
of Ce:BaTiO3. We deduce that the writing beam at
acute angle to the +c axis of the crystal induces a
phase-conjugate beam, which interferes with the other
writing beam to form a second grating, and this grat-
ing is perpendicular to the first grating formed by the
There

are different decay rates for these two photorefractive

interference between the two writing beams.

gratings which result in the rising behaviour of the
diffraction efficiency. In addition, a simplified model
based on the two-deep trap model is presented to ac-
count for this phenomenon and the fitting curves are

in good agreement with our experimental results.
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