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Light-induced absorption in photorefractive BaTiO 3 Crystals
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We present the experimental results on the measurement of temporal and steady-state light-induced
absorption change in undoped and rhodium-doped barium titanate (Rh:BaTi@tals at different
wavelengths and intensities. Theoretical calculations based on a two-center charge transport model
agree well with the experimental results which supplement the earlier studies carried out using
photorefractive BaTi@ crystals. We also report a wavelength-specific light-induced effect that
modifies the absorption dynamics in a peculiar manner. This can be attributed to light-induced
thermal effects. However, the possibility of additional photorefractive centers becoming active
cannot be ruled out. @003 American Institute of Physic§DOI: 10.1063/1.1578533

I. INTRODUCTION regions and subsequently trapped in darker regions. Such

. : : : redistribution of charges between brighter and darker regions
Photorefractivg PR) materials show intensity-dependent ) - S
PR y-aep leads to the development of internal electric field which in

refractive index and absorption changes that can be exploiteta dulates th fractive ind f th terial Vi
in a variety of applicatiorfssuch as optical information pro- urn modufates the retractive index ot the material via

cessing, holographic data storage, coherent image amplificg—lex_:trc"Optlc effect. The_r_efore, light a_bsorptlon by these im-

tion, phase conjugation, etc. purity cente_rs is the initial and the important step for the
BaTiO; is one of the most widely used PR materials photorefractive process. . . .

owing to the very high value of its electro-optic coefficient, _A model based on single carrier primary cenﬁ_alesg-

faster response time, and excellent phase conjugate reflectiglams. thg PR effect n most of t he cases satisfactorily. How-

ity. Applications like real-time holography, optical switching, ever, it fails to explain the sublinear dependence of the two-

and phase conjugation require a very fast response of th eatm CZUP!['.n% coiff!utent,_t ngnllnezr depefndince i of
crystal. Response time depends on intensity of the inp otoconductivity and Intensity dependence of absorption

. . . ._coefficients in BaTiQ crystals. Increase in absorption due to
beams, however, the beam fanning, light-induced absorptloﬁ\umination of Baﬁ@ ywas first discovered inp 1987 by

(LIA), and thermal effects can seriously degrade the PR pet- X : ]
formance of the crystal at high light intensity. %\/Iotes and Kint In 1988, Brostet al. explained this effect
aﬁy a two-center charge transport model.

In this article, we examine the steady-state and tempor Thi del is based on th tion that two diff ;
behavior of LIA of a probe beam passing through the crystal IS model IS based on he assumption that two ditteren

that is subjected to pump beam illumination at different|mpurity centers, each of them occurring in different valence

wavelengths and intensities. The observed behavior is inteisitates’ may be present. The first |s.deep and the second is
hallow (also called secondary trgpaith respect to the va-

preted in terms of a two-center charge transport model fo band edae. Th d t hiahly ionized at
PR materials. An anomalous temporal evolution of absorp-ence and edge. The secondary centers are nighly lonized a

tion at 633 nm probe and 514 nm pump illumination was"oom temperature, and therefore, do not contribute much to

also observed in Rh:BaTiXrystal. Different crystal param- absqrption at low light intene_“,ity._ It is only at high laser in-
eters like thermal excitation rate, absorption build up, and®nsy when the photon-excitation rate of shallow traps be-

decay rate have been obtained and compared with the earligpMes comparable tq thermal excitation rate, th_at the abs_orp-
studies. tion increases. Experlmentall_y, the L_IA change in absorption
First, we briefly outline the absorption mechanism qua”_coefﬂmentAa can be determined using the relation

tatively in the light of the two-center charge transport model. .
/ J 9e rener I (with 1, on)

D_etails of the experiments, results, and, finally, _the discus- : —exp—Aad), 1)
sion and conclusions are presented in the following. Is(with I, off)
Il. BACKGROUND whered is the effective length of the crystal, ahgandl

are probe and pump beam intensities, respectively. Time evo-

The presence of impurity atoms like Fe, Mn, Cu, etc.|ution of the LIA in the buildup process can be described by
(also called primary or deep centgis thought to be respon-

sible for the photorefractive effect. A nonuniform illumina- Aa(t)=[1—Ayexpt/7)]. )
tion of the crystal by coherent light photoexcite the charges

from impurity sites to the conduction band. Under the influ- o A, is a constant, whereas the rise time constacan
ence of diffusion or drift, charges are migrated from brighteryg \vritten a&’
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FIG. 1. Schematic of the experimental setup: M, mirrors; NDF, neutral -
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detector; BE, beam expander; CGF, color glass filtgr; pump beam; and

ls, probe beam. . )
FIG. 2. LIA change for a probe beam at 633 nm in undoped BaTi@stal

when illuminated by pumg488 nm) at different intensities.

wherea is a factor that is independent of intensity afg
thermal excitation rate.

The dark decay of LIA is associated with the loss of
shallow and deep trap population by thermal ionization. In ~ Transmission of the probe beam was monitored after
general, the dark-decay process of LIA can be described by switching the pump beam on &. Corresponding absorp-
double exponential functién tion values can be calculated using Eb. Figure 2 shows a

typical result of LIA change and its subsequent dark decay

Aa(t)=ao+a, exp(—t/m)+aexp(—t/7p), 4 \Wwhen the pump beam was blockedt at Absorption buildup
wherea,, a,, anda, are the constants and andr, are the  curves for both crystalé.e., the region betweety andt; in
fast and slow decay-time constants for shallow and deepig. 2) follow a monoexponential rise as described by Eq.

IV. RESULTS AND DISCUSSION

traps, respectively.

(2). Rise-time constant was calculated by fitting the experi-

mental data into Eq2). We fitted the intensity power coef-

IIl. EXPERIMENTS

We used 0° cut as-grown undoped and Rh:BaTe€ys-
tals that had dimensions of 6.72 m6.28 mmx5.5 mm
and 6.6 mnNxX5.8 mmx4.2mm (XxXaXa), respectively.
Change in absorption can be induced at one wavelength an
observed at different wavelengths. This helps to eliminat
the possibility of beam coupling effects that can rise if both
beams are coherent. An expanded pump bégnat one
wavelength is used to illuminate the crystal as shown in the
experimental schematic in Fig. 1.

A weak signal beanhg at different wavelengths acts as a
probe to study the change in absorption. The outputs o
He—Ne (543 and 633 nmand Ti:sapphire laserémodel
3900S, Spectra-Physictned to 750 and 800 nm were used

ficientsx according to the relatiomal ~* and found that the
absorption rise has a sublinear intensity dependence con-
forming to earlier observatiofishat a steady state in the PR
grating (formation and decgycannot be reached until the
LAA reaches the steady state. In all the measurements, the
value of x was found to vary between-0.4 and 1.0 for
q?h-doped and-0.6—2.0 for undoped BaTi{crystal.

At 633 nm probe and 514 pump illumination, an anoma-
lous temporal evolution of absorption, as shown in Fig. 3,
was observed in Rh:BaTiO After the pump beam was
turned on at=t,, an unexpected light-induced transparency
ifs observed for sometime, which is then followed by the
usual absorption rise. However, the light-induced transpar-

as the probe beams, whereas pump beams at 514 and 488 nm T T Y T T r
were obtained from an argon-ion las@nodel BeamLok™ 1.0-Rd: BaTiO, - 1
2085, Spectra-PhysigsThe beam-crossing angle was made 0 8- ty.." ]
small to ensure a complete and uniform overlap of the beams - : ]
inside the crystal. Transmission of the probe was monitored 0.6- T 4
using computer controlled optical power meténodel, — 1 -~ ——0.028 Wem?
4832-c multichannel optical power meter, Newpoih all '€ 0.44 - - - 0.28 Wem®
our measurements the probe beam power was fixedud/1 = 0 2_‘ Y A 28Wem? |
in the absence of pump beam illumination. The diameter of <=4 : '
the probe beam inside the crystal wag mm. The intensity 0.0- . xpump =514 nm
of the pump beam was varied from3u to 16 W/cnt using ] : 2 =633 nm
a compensated neutral density fil{erodel 925B, Newpojt -0.2 to,", BR: probe .
Both beams were made o polarized to minimize beam fan- — T T T T
0O 10 20 30 40 50 60 70

ning and scattering effects, which otherwise could be mis-
taken for absorption. An appropriate color glass filter along

time (s)

with a small pin hole was used to prevent the pump beang g 3. Normalized temporal evolution of absorption change in Rh:BaTiO

from entering the detector.

at 633 nm probe and 514 nm pump beam at three different pump intensities.
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FIG. 4. Plot of anomalous absorption variations vergugor Rh:BaTiO;
crystal.

ency reported in Refs. 11 and 13 has no resemblance to our )

observations. Contrary to the behavior shown in Fig. 2, a 0.01 T

further absorption increase was noticed even after the pump 0 2 4 6 8 10 12 14 16

beam was put off at=t,. For clarity, we have denoted the Ip (chmz)

magnitude of these additional absorption changes layd

S’ in the Fig, 3. FIG. 5. Steady-state LIA changda vs pump beam intensity Ngmp
The magnitude of these variations as a function of pump:488 nm) at different probe wavelengths. Solid lines are theoretical curves

. S . . . . based on the two-center model.

intensity is plotted in Fig. 4. We observe a linear changé in

up to ~0.23 W/cnt, beyond which it is almost constant and

falls at higher intensities. These anomalous temporal changes

in absorption seen only at the 633 nm probe and 514 nm

pump in our Rh:BaTi@ sample has not been reported so far.
The physical mechanism responsible for this particular

behavior is not very clear. But, we speculate that immedi-

ately after the pump beam is turned on, a gradual rise in

temperature causes an increase in the thermal excitation rate :

of the secondary traps. Therefore, the number density of

av:ilabée ﬁlr:ed trapls tha(tj can absorb ptr)obe photons AS also intensity at which the absorption saturates is higkee

reduced. This results in decreases in absorption as shown in . :

the Fig. 3. The decline in absorption continues for sometime Fig. 9 for undoped B§T|@than the_ Rh-doped cry_sta.l.

until a thermal equilibrium is attained within the crystal. ~ Absorption decay studies were carried out by monitoring

Similarly, an increase in absorption after blocking the pumpthe transmission of the probe beam after switching off the

beam is a consequence of the drop in the thermal excitatioRUmP beam at=t,. Shown in Fig. 6 is the normalized dark

rate of the secondary traps. Temperature-dependent absorp-

tion studied'®in the past have shown that the rise in tem-

» The thermal excitation ratg8, calculated using Eq3)
were found to be 0.1-0.3 and 0.5-0.6sfor Rh-
doped and undoped BaTi@rystals respectively. These
values are considerably smaller than the results reported
in Refs. 4 and 6.

As per the theory of LIA described in Ref. 6 and the
fact that thermal ionization ratg, for undoped crystal

is relatively higher than Rh:BaTiQ the pump beam

perature can cause a decrease in absorption, and vice versa. 40l ... R4 BarTio; ]
However, we must add that there is no strong evidence }"pm
against the possibility of additional PR centers or some other 3 0.8 e 2433'\"' 1
crystal defects which could possibly lead to similar results. - —i_ 750 :m

Measurements of the steady-state LIA changes at differ- § 0.6 —v— 800nm 1
ent pump and probe wavelengths for both crystals have also 2 1= 8.4 Wicm®
been carried out. Here we summarize only the main results. 8904'

e For both the crystals, the magnitude of the absorption g 0.21 1.(off)
change caused by the 488 nm pump was found to be 004 °
more than the 514 nm pump. R —

« Unlike undoped BaTi@ A« was found to increase with 0 1 20 30 40 50
increases in probe wavelengths for Rh: BafiGhdicat-

ing the different origins of secondary centers in bothriG. 6. Typical dark-decay process Afr observed in Rh:BaTi@for dif-
crystals. ferent ,qp after blocking the pump bea88 nm).
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TABLE I. Decay-time constants for undoped Batiat 488 nm(514 nm  However, this case will be further examined separately by
pump. performing temperature-dependent absorption studies in the
near future. Finally, we want to emphasize that LIA can

)\probe 74(S) 75(S) . R . .

greatly influence the dynamics of holographic grating record-
Zgg 22 00'1%112)3 11'25?(11'43)) ing in photorefractive crystals. Therefore, it is of utmost im-
750 nm 05153 portance to incorporate the effect of LIA before using the

crystal in any device application.
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