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Abstract

We investigate the intensity-dependent absorption coefficient of photorefractive Rh:BaTiO; from the maximum {633 nm)
to the near infra-red end (1.06 wm) of this crystal’s sensitivity. A numerical photorefractive model, incorporating
dual-wavelength illumination and a secondary photorefractive centre, gives good agreement with experiment and shows that
such a two-centre model is sufficient to explain the results obtained in the visible and infrared wavelength region.

1. Introduction

The photorefractive crystal BaTiO; has been the
subject of many experimental and theoretical investi-
gations due to its attractive nonlinear optical proper-
ties, which permit high two-beam coupling gain and
large self-pumped phase conjugate reflectivities,
without the need for an externally applied electric
field. Past research has focused principally on the
visible wavelengths where crystal response has been
most efficient in undoped samples. Recently interest
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has turned towards near-infrared wavelengths, com-
patible with diode-pumped solid state lasers and
semiconductor lasers, with applications such as diode
injection locking [1] and brightness enhancement [2].

A new type of BaTiO,, blue in colour, possesses
enhanced absorption in the red and near infrared
regions of the spectrum [3]. Fig. 1 shows the absorp-
tion spectrum of such a sample together with a
nominally undoped sample of BaTiO, for compari-
son. Attempts to identify the impurity centre respon-
sible for the blue colour and enhanced photorefrac-
tive response in the infrared region have suggested
that rhodium (in the valence states Rh** /Rh**) may
be responsible [4,5]. Through systematic addition of
rhodium to the crystal melt, Wechsler and his col-
leagues obtained crystals which shared not only a
remarkably similar absorption profile to that shown
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in Fig. 1, but also similar optical and photorefractive
characteristics to those reported in Ref. [3], [6]. The
blue colour of Rh:BaTiO, is the result of higher
absorption in the red than in the blue or green
spectral region (Fig. 1). Additional analysis of a
similar crystal by spark source mass spectroscopy,
thodium doping experiments [7] and electron para-
magnetic resonance [8] showed that both Rh and Fe
were present, and that the regions of higher absorp-
tion can be associated with the charge-transfer transi-
tions involving the valence band edge and Rh**
states which lie in the band gap [7].

In a recent paper, Krose and coworkers [9] identi-
fied energy levels of as-grown BaTiO; containing
rhodium by performing simultaneous measurements
of light-induced electron spin resonance and optical
absorption. They found that depending on the energy
of light, holes can be transferred between Rh** and
Fe?* (1.2 eV < E<2.5 eV) or from Fe** to Rh**
and to an unknown hole trap (E > 2.5 eV).

Our earlier studies [10] showed that light-induced
transparency can be observed in Rh:BaTiO,, and we
have already successfully modelled the experimental
data using a two-centre model. In this paper, we
present our further experimental and theoretical in-
vestigations of single and dual-wavelength
intensity-dependent absorption measurements in this
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infrared sensitive blue Rh:BaTiO; crystal over a
wide range of wavelengths. We use a two-centre
(deep and shallow trap) model modified to incorpo-
rate  simultaneous illumination by two different
wavelengths, which has enabled us to characterise
the effective values of parameters of the second
centre including the wavelength dependence of the
photoionisation cross-section.

2. Theory

It has already been shown that intensity-depen-
dent absorption is consistent with the presence of
secondary centres [11,12]. These are intermediate-
level charge trapping impurity sites that are usually
highly ionised at room temperature, but can be popu-
lated by photoionised charge carriers from the deep
centres. The photoinduced transfer of charge from a
deep to a secondary centre leads to a change in the
absorption of the crystal if different photoionisation
cross-sections exist for these centres. Direct intra
band charge transfer is also, in principle possible, but
it is not usually included in band-transport models.

Typical photoinduced absorption measurements
[13] involve the transmission of a weak incoherent
beam through a photorefractive crystal to monitor
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Fig. 1. Absorption spectrum of infrared-sensitive Rh:BaTiO; using light polarised parallel to the crystal c-axis is shown as the solid line. For
comparison the spectrum of typical as-grown BaTiO, crystal is shown as the dashed line.



FULL LENGTH ARTICLE -

M. Kaczmarek et al. / Optics Communications 126 (1996) 175'—-184 177

Conduction band

N
Y | sour, P "
é YSTSS()Vl)I\ E ;ﬁs
| Yvy I LA
S, Ss(I
Valence band

Fig. 2. Model energy diagram of photorefractive infrared-sensitive
BaTiO, with deep and secondary (shallow) centres and two
wavelength illumination.

the changes in the absorption induced by varying a
strong pump beam. In our experiments we have
varied the intensity of both beams, which are at
different wavelengths, and then extended the two-
centre photorefractive model to include this feature.
The advantage of using the dual wavelength illumi-
nation technique is that it enables us to deduce the
effective magnitudes of a wider range of parameters
than the ones obtained using a single-wavelength
illumnination.

A model that incorporates the secondary centres
and dual-wavelength illumination is shown schemati-
cally in Fig. 2, where we have assumed a hole-
dominated crystal in accordance with other rhodium
doped crystals [6]. In our notation N and N* are the
densities of the deep centres with total deep centre
density Ny =N+ N, M and M™ are the densities
of shallow centres with total shallow centre density
M;=M+M*. The parameters S, B, and 7y are,
respectively, the cross-section for photoionisation,
rate of thermal ionisation and coefficient of recombi-
nation. The unsubscripted parameters refer to the
deep centres and the corresponding parameters with
subscript ‘‘s’’ refer to secondary-trap coefficients. I,
and I, are the intensities of beams 1 and 2 with
wavelengths A, and A,, respectively.

In our analysis we start with the material equa-
tions for the two-centre model presented previously
[11,12). To introduce the two wavelength illumina-
tion we note that beams 1 and 2 are necessarily

mutually incoherent so no beam coupling is ob-
served, and the presence of the second beam (A,)
can be simply represented by an intensity dependent
contribution to the thermal ionisation rates of the
deep and secondary centres and given by
B(L) =B+ S(A) 1, (N
B L) = B, +S( M), (2)
where S(A,)1, and S(A,)I, are the photoionisation
rates due to beam 2. In order to calculate the inten-
sity dependence of the absorption coefficient, we
have assumed uniform illumination for both beams,
and solved the material equations in steady-state.
The absorption coefficient observed at wavelength
A, due to the presence of both beams is given then
by the equation [10]:
. 1
2p(1), ) — 1

X {[ p(ll’IZ)(ND +MT) +ND_NA]
—[( p(1, )(Np + My) +ND_NA)2
_4P(11’12)( p(1, 1) - I)NDMT]]/Z}

(3)

and

S(A,
p(l, 1) = Z'SSE/\,;

1+ B(5)/S(A) ],
I +Bs(l2)/Ss(Al)11 )’
(4)

a(0) = (hc/A)SN, is the low intensity absorption
coefficient when I, = I, = 0, N, is the concentration
of compensating acceptors, and M*(I, I,) is the
population of shallow traps filled with holes due to
photoinduced transfer of charge from the deep to the
shallow levels and is a saturating function of inten-
sity [12]. Analysis shows that strong intensity-in-
duced filling of the secondary centres occurs at a
characteristic saturation intensity given by [, =
B,/S, when illuminated with a single beam
[11,14,15). 1t is noted that due to the wavelength
dependence of S, I, is also wavelength dependent.
In the case of dual wavelength illumination the rate
of thermal ionisation f3;, at one wavelength can also
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Fig. 3. Intensity-dependence of the absorption coefficient at 633 nm showing light-induced transparency. The full dots are experimental data
and solid curve is theoretical simulation based on the parameters of Table 1.

be made effectively intensity dependent due to the
presence of the other beam according to Eq. (2).

3. Experimental results

In the first experiment we aimed at investigating
the photoinduced absorption change at the peak of
the absorption spectrum of Rh:BaTiO,, i.e. around
640 nm. The transmission of an o-polarised He-Ne
beam propagating through the Rh:BaTiO; crystal

Table 1
Crystal parameters used in numerical simulations

sample with dimensions 7.3 X 5.6 X 3.0 mm® (see
inset of Fig. 3) was measured. The use of the
o-polarised light minimises self-induced holographic
scattering. Fig. 3 shows a plot of the absorption
coefficient as a function of the incident intensity of
the He-Ne beam. The graph indicates an intensity
dependent reduction of the absorption coefficient
corresponding to light-induced transparency with
S, (X)) < S(A,) [16]. This is the reverse effect com-
pared to observations in as-grown BaTiO; samples
[12], where intensity-dependent induced absorption

Deep centres

Secondary centres

Density of species Np=N+N+t=202x10"%cm™® Mp=M+M*"=11x10"®cm™?
Ny =Np— Ny =2% 10" cm ™2 M}, =0

Photoexcitation cross section at 514 nm $=50cm*J"! S,=18cm?y™!

Photoexcitation cross section at 633 nm §=9cm?"! S,=16cm?J"!

Photoexcitation cross section at 647 nm §=92cm?)"! S,=18cmJ!

Photoexcitation cross section at 750 nm §=41cm?]"} §,=20cm?)"!

Photoexcitation cross section at 800 nm §=38cm’)! S,=21cm!

Photoexcitation cross section at 1.06 pm §=0.02cm?J"! §, =025 cm? ™!

Thermal excitation rate B=5x10"%s""! B,=0.15""

Recombination coefficient ratio y,/y 0.5 0.5
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Fig. 4. Intensity-dependence of the absorption coefficient at 647 nm showing light-induced transparency. The full dots are experimental data
and solid curve is theoretical simulation based on the parameters of Table 1.

has been observed (S,(A,) > S(A,)). The solid line model described in the previous section and using
shown in Fig. 3 (and in other figures) is a theoretical the parameters listed in Table 1.
curve obtained from the numerical simulations of our To test the consistency of the agreement between

o
N
T

o
-
t

-—1|,, 633 nm

Change in absorption Aa (cm™)
(]
o

01 F .
o
| c-axis i
02 1 . ] A 1 2 1 N ] A
0.0 0.2 04 06 0.8 1.0

Intensity I, (W/cm?)

Fig. 5. Change in the absorption coefficient at 633 nm as a function of the He-Ne intensity /; with and without secondary illumination beam
1,(800 nm) = 1.3 W /cm?. Full dots are experimental data taken as shown in inset, solid line is a theoretical curve based on the parameters
given in Table 1.
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theory and experiment we also performed intensity-
dependent absorption measurements at a wavelength
of 647 nm as shown in Fig. 4, over a range of
intensities exceeding five decades. We observed the
decrease in the absorption coefficient by as much as
0.9 cm™'. The wavelength 647 nm corresponds ap-
proximately to the peak of the absorption spectra.
With a common set of parameters, the theoretical
model was able to reproduce experimental data very
well. It is worth noting that the saturation intensity at
647 nm is smaller than the saturation intensity at 633
nm due to the larger cross-section of the shallow
traps at 647 nm.

The measurements of intensity-dependent change
in the absorption coefficient were also performed at
800 nm. Investigations of the effect of single-wave-
length illumination of Rh:BaTiO, with 800 nm origi-
nating from a Ti:sapphire laser showed that no sig-
nificant, reliable, measurable changes in absorption
could be detected. This would be consistent with
S, = S in this wavelength region. It may be interest-
ing to recall here the dual-wavelength (633 and 800
nm) results obtained earlier [9]. In that experiment,
the Rh:BaTiO; crystal was illuminated by two o-
polarised beams, a He-Ne beam at A, = 633 nm, and

a near infrared beam at A, = 800 nm from a Ti:sap-
phire laser. The arrangement of the beams was as
shown in the inset of Fig. 5. The He-Ne beam
intensity, I,, was varied and then its transmission
measured with and without the infrared beam at 800
nm, whose intensity was kept at 1.3 W/cm?. The
change in absorption coefficient, according to Eq.
(3), with and without the secondary beam /,, can be
written as Aa(l)) = a1}, I, = 1.3 W/cm?) — a(1,,
0). A graph showing A« as a function of the He-Ne
intensity /, is illustrated in Fig. 5. The results ob-
tained can be explained as follows. At low intensities
of the 633 nm beam, and without the 800 nm beam
present, the absorption coefficient would be approxi-
mately equal to «(0), namely a(I,, 0) = a(0). The
presence of the 800 nm beam changes this condition
and a low intensity He-Ne beam experiences the
absorption coefficient «(I,, I,) which is smaller
than «(0). This is the result of the intensity of the
near-infrared beam I, being high enough to induce
charge transfer of carriers from the deep traps to the
shallow traps. Thus, at low intensity the He-Ne beam
will see a more transparent crystal with [, than
without it, corresponding to a negative value of A«.

Another consequence of the presence of the near-
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Fig. 6. Change in the absorption coefficient at 633 nm with fixed intensity /, as a function of the secondary illumination beam with intensity
I, at two different wavelengths. Full dots (A, = 800 nm) and open dots (A, = 750 nm) are experimental data. Solid line (A, = 800 nm) and
dashed line (A, = 750 nm) are theoretical curves based on the parameters given in Table 1.
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infrared beam is to change the effective thermal rate
B.(I,) seen by beam I, and this causes a shift in the
saturation intensity I, = B(1,)/S(A,) to higher
values, making the shallow traps harder to saturate.
If we further increase the He-Ne intensity, the change
in the absorption diminishes and eventually changes
sign as shown in Fig. 5. We have also shown
theoretically that there is a certain value of intensity
1,, at which, regardless of the intensity of the beam
I,, no change in the absorption coefficient is in-
duced, and that this particular intensity of I, is a
function of the crystal’s parameters [9].

In the second experiment we arranged the He-Ne
laser beam to have a fixed intensity I, =0.85
W /cm?. This intensity /, corresponds to a strongly
saturated condition of the induced transparency ac-
cording to Fig. 3. The change in transmission of the
He-Ne beam was then monitored as a function of the
intensity of the infrared beam, /,. The graphs in Fig.
6 show the change in the absorption coefficient as a
function of the near-infrared illumination 7, for the
two cases of A, = 800 nm and 750 nm. According to
Eq. (3), the dual-wavelength change in absorption
coefficient in this case can be written as Aa(/,) =
a(l, =085 W/cm?, I,) — a1, = 0.85 W /cm?, 0).

The solid and dashed curves show the theoretical
modelling for A = 800 nm and A = 750 nm, respec-
tively. Because of the increase of the effective ther-
mal rate, according to Eq. (2), we expect an increase
in the depopulation rate of the shallow traps. The
infrared beams have the effect of sending the charge
back from the shallow to deep traps, increasing their
population. The result of this process is, again, a
smaller magnitude of light-induced transparency. In
other words, fast transfer of holes back into the deep
traps will result in an overall reduction of M*(1,,1,),
and therefore the He-Ne experiences a reduction of
the induced transparency according to Eq. (3).
Finally, Fig. 7 shows the results of intensity-de-
pendent absorption at 1.06 pm. There are two im-
portant, characteristic features which can be ob-
served. First, our measurements show induced ab-
sorption, corresponding to S,(A,) > S(A)), ie. the
opposite to what we obtained in the red region of the
spectrum. Secondly, the saturation intensity is ap-
proximately an order of magnitude bigger than the
one at visible illumination, as a result of the smaller
photoionisation cross-section of the shallow traps. In
addition, this magnitude of the photoionisation
cross-section results in small induced absorption,
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Fig. 7. Intensity-dependence of the absorption coefficient at 1.06 pm showing light-induced absorption. The full dots are experimental data
and solid curve is theoretical simulation based on the parameters of Table 1.
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given by Eq. (3). Note that the low intensity absorp-
tion coefficient at 1.06 wm (due to the deep centres)
is quite low (<0.03 cm™' ) and this is the reason
why the condition S(A,) > S(A,) can be fulfilled at
this wavelength.

4. Discussion of results and model parameters

A summary of the crystal parameters used in our
numerical simulations is shown in Table 1, and their
values were deduced mostly from our measurements.
By measuring the two-beam coupling gain coeffi-
cient at 647 nm and intensity / =0.27 W /cm? as a
function of the grating wavevector, we estimated the
effective trap density to be N, (where we assume
that Ny~ N~ Np —N,)=2X 10 cm™3[17]. This
effective trap density is determined via the Debye
screening wavevector. However, in the presence of
both deep and shallow traps, the Debye screening
wavevector becomes intensity-dependent, and the
straightforward relation which takes its magnitude as
the value of the grating wavevector at which the
space-charge field is maximum [18] is strictly not
valid anymore. But although the intensity at which
the effective trap density was determined in our case
was high enough to induce some filling of the shal-
low traps, theoretical calculations show that a shift of
only ~ 20% is expected in the magnitude of the
optimum grating wavevector as compared to its value
at low intensity. We therefore consider our measured
value to be a reasonable estimate for N,g.

The wavelength-dependent absorption coefficient
at low intensity a,(A) = (hc/A)S(A)N*, assumed to
be due to hole photoionisation from the dark value of
the positively-charged deep centre species (N*=
N, ), can be used to determine the photoionisation
cross-section of deep traps. At this point, we need to
make some assumptions because neither N, nor Ny,
are known separately and further experiments must
be done to find their values. In hole-dominated
crystals, like ours, the ratio between donors and
ionised donors r=N/N* should be quite small, a
typical value for this ratio in as-grown samples of
BaTiO, is around r ~ 0.01 [17], which we take for
our modelling. From the intensity-dependent absorp-
tion data shown in Fig. 3, we determine the charac-
teristic saturation intensity for shallow trap filling as

I, =B,/S,~ 22 mW/cm? at A, = 633 nm. Dark
decay measurements of the observed changes in the
absorption were characterised by a dominant slow
recovery (a few seconds). The time scales of the
process was intensity-dependent: occurring faster for
higher intensities, in agreement with previous obser-
vations [13]. From the measured time of dark decay
recovery of induced absorption, ~ 6-10 s, we esti-
mate B, ~ 0.1 s™' With these parameters we found
fitted values for the shallow trap photoionisation
cross-section S, ~9 cm? J~' at A =633 nm and
total density of shallow traps My ~ 1.1 X 10'® cm™3
from intensity-dependent induced transparency
measurements.

In order to verify the consistency of our model
with these parameters, we modelled the dark decay
measurements of the induced absorption by solving
numerically the material equations at zero order, i.e.
at negligibly small values of incident light intensity.
Our model predicted a dark decay time of ~ 10 s, in
agreement with the experiment. Additionally, the
modelling of dark decay allows us to estimate the
magnitude of the shallow trap to deep trap recombi-
nation rates, v,/y, since the temporal behaviour of
dark decay of the change in absorption coefficient
(a M) is given by the following equation

aM* B.M* 5
ot  1+yM/yN’ (5)

where M =M; —M* (1) and N=N,— N, + M*(1)
are time dependent and the decay will be nonexpo-
nential in form. The ratio y,M/yN is physically
equal to the average number of times the thermally-
ionised carrier from a filled shallow level is re-
trapped back into the shallow trap before it recom-
bines with a deep trap. From Eq. (5), it can be seen
that the exponential decay time (7,) measured exper-
imentally is an approximation to the reciprocal of a
weighted time-average decay rate and therefore
within the limits B,/(1 +y,M;/y(Np—N,)) <
75 < B;. By trial and error we look for the values
that simultaneously fit best both the intensity-depen-
dent absorption coefficient and the dark decay of
induced transparency, to obtain a value for y,/y=
0.5.

Once we have characterised the shallow traps at a
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given wavelength we can easily find the values of
the photoionisation cross-section of the traps at any
second wavelength with the help of the low intensity
absorption spectrum and by fitting the change in the
absorption coefficient A« to experimental data. The
deep trap cross section S(A,) at any other wave-
length A, can be found, if we know its low intensity
absorption coefficient «(A,), from S(A)) =
[hoa(Ag)/Aga(A)DIS(A,) where S(Ay) and a(A,)
are the cross-section, wavelength and low-intensity
absorption of the already characterised deep trap at
the wavelength A,. This method reproduces particu-
larly well the experimental results from the red and
infrared wavelengths region.

The extended range of wavelengths we have con-
sidered allowed us to estimate better than before [9]
the magnitude of the deep and shallow traps parame-
ters. However, we call these parameters effective, as
they are not determined uniquely. It is nevertheless
possible to draw some general conclusions and inter-
esting observations, characterising the behaviour of
our Rh:BaTiO; crystals. The most important fact is
that the change of absorption we observed at wave-
lengths from 514.5 nm to 1.06 pm could all be
simulated using the two-level model.

We observed that the condition S,(A;) < S(A,) is
fulfilled in the red region of the spectrum, and as a
result induced transparency is observed. When we
moved towards longer wavelengths, the cross-section
of the deep trap decreases, following the absorption
coefficient spectrum (Fig. 1), until eventually the
previous condition reverses becoming S(A,) >
S(A,), corresponding to the effect of induced absorp-
tion as seen at 1.06 pm. There is a crossover point
when S,(A,) = S(A,) somewhere between the wave-
length region of 800 nm and 1 pm. A similar
wavelength dependent absorption/transparency be-
haviour has been observed in a reduced sample of
Rh:BaTiO;, but no systematic intensity-dependent
absorption measurements were presented [16]. Our
theoretical results show that the cross-section of the
shallow traps remains constant over a wide range of
wavelengths as shown in Table 1. Attempts to extend
our model to shorter wavelengths, for example in the
blue-green region of the spectrum [9], gives only
qualitative agreement with the experiment. We spec-
ulate that other effects, not included in this model,
such as electron—hole [18] competition and multiple

shallow trap levels [19] may cause deviations of the
experimental results from the present model.

Recent work on other Rh:BaTiO; crystals has
shown that in the green-blue region of the spectrum
at least three photorefractive centres are necessary to
explain the data [7]. We found no experimental
evidence to substantiate such a model in our case.

5. Conclusions

In summary, we have presented results of single
and dual wavelength intensity-dependent absorption
measurements over a wide range of the spectrum
(633 nm-1.06 um) in an infrared sensitive
Rh:BaTiO; crystal. We have observed induced trans-
parency at red and near infrared (633-800 nm)
illumination and induced absorption at 1.06 wm
illumination. The results of single-wavelength and
dual-wavelength intensity dependent absorption co-
efficients have been modelled numerically and from
the numerical fit we were able to identify the effec-
tive values of deep and secondary centre parameters.
Moreover, we showed that in our dual wavelength
illumination scheme, the presence of one of the
beams allows one to control the amount of induced
absorption /transparency that is experienced by the
other beam. The good agreement between experi-
ment and theory, which uses a common set of pa-
rameters to model all cases, indicates that the two-
centre model can explain the intensity dependent
behaviour of this new doping of Rh:BaTiO; crystal
in the red and near-infrared regions of the spectrum.
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