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Massachusetts Institute of Technology
tDepartments of Electrical Engineering and Computer Science, the *Materials Science and

Engineenng Department and the Crystal Physics Laboratory, 77 Massachusetts Ave. Rm 13-3157,
Cambridge, MA 02139, (617) 253-6622

1.0 Introduction absorption states shown in Figure 1 and for
various pump and signal beam conditions.

Nominally undoped p-tyle BaTiO 3 was grown Initially, only the signal transmission is
that exhibiks interesting intensity dependent observed. Then the pump beam shutter is
photorefractive and photochromic properties. opened while the pump beam is being vibrated
When its phochomism is activated the over several grating periods at a rate much
absorption increases at the activating greater than the grating formation time
wavelength and there is a concurrent and (incoherent pump) and thus absorption effects
proportional reduction in photorefractive are now observed. When the crystal is in the
response time. Three photoactivated and inactive photochromic state light-induced
thermally reversible absorption conditions and absorption is observed, in the saturated state it
the difference spectra of the photochromic shows light-induced transparency and little or
crystal are shown in Figure 1. no light-induced absorption is observed in the

intermediate state since it is a combination of
the inactive and saturated state.

BATIO, These photochromic states were also
examined by measuring the effective gain

, . ,, which is the ratio of the steady-state transmitted
0 o.-- s-. ~signal intensity when both the signal and pump

beams are coherently present within the crystal
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Figure 1.

2.0 Experiments

The photochromism is activated with high
intensity (-3.5 W/cm 2) argon ion laser I ts 2S0. 300 ... ..,

illumination (X=514.5 nm). A concomitant Th",, tuA U)

change in the crystals' light-induced Figure 2.
absorption/transparency properties also
onginate with the photochromic change. In our to the signal intensity transmitted when tJe
photorefractive experimental setuo we are able pump beam is incoherent with the signal. Wih
to measure light-induced changes in the this technique, the pump beam continuously
absorption by shuttering the incoherent pump illuminates the crystal and the temperature and
beam. Shown in Figure 2 are three signal the absorption are constant in both
transmissions corresponding to the three measurement conditions (coherent versus
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incoherent). The measurements were made at (where their beam ratio is 800). Shown in
500 mW/cm 2 , low enough to preserve the Figure 3 is the gain as a function of grating
initial photochroAic state. In addition, to wavevector for ±C-axis crystallographic
determine possible contributions from both orientations. There is an asymmetry in the
electrooptic and absorptive beam coupling (I] beam coupling gain, i.e. +Y # -Y, that cannot
we determined the gain for the ±C-axis be attributed to light-induced absorption effects
orientations of the crystal where the effective as described by Motes and Kim [2] but could
gain is given by, be ascribed to absorptive coupling previously

described by A. V. Knyaz'kov and M. N.
I (L) I, with Coherent Pump Lobanov (3] and by Pierce et al. [1].

Y I The intensity dependence of the gain was
we I. ,wt noern up () as determined between I mW/cm2 and 1

W/cm 2 and the sublinear dependence of the
and, for an undepleted pump and small response time on intensity was measured over
modulation, is equal to, this same interval.

1: = exp[+y]l/cos0 3.0 Theory

= exp[±Yco + Yb /, cosO. (2) In the inactive or saturated photochromic
state the crystals absorptive and photorefractive

Where, I is the crystal thickness and 0 is the properties are described by the deep and
internal half-angle between the beams. We shallow trap model of Tayebati andMahgerefteh [4] where the absorption due to
note that Y is the gain coefficient which is the two levels is,
sum of the electrooptic gain coefficient, ± Yeo,
(whose sign is dependent on the orientation of ct = SDNDA + (ST -SD)MO, (3)
the C-axis and sign of the majority charge
carriers), and Ylbs the absorptive "gain" where sD and sT are the excitation cross-
coefficient from trap gratings [1]. To reduce sections of the deep and shallow traps, NDA is
errors from physically reorienting the crystal the difference between the donor and acceptor
we simply exchange the roles of the pump and concentrations and Mo is the occupied shallow
signal beams by changing their relative trap concentration. The absorption can be
intensities with the crystal in a fixed position, modified by charge transfer from the deep level

into the shallow level and depending on its
absorption cross-section and concentration it

4 ............... ........ will also modify the absorption characteristics
of the material. In the inactive photochromic
state light-induced absorption implies that

• : s>s - When a new deep level (2.41 eV)

.c . .c  absoring center is activated to the saturated
state light-induced transparencey occurs and
SD>ST-

S *olThe possible deep and shallow-trap
charge gratings, N, and Mt respectively, are,

X.514.5 Am k

J MwI - -eN t = -meNE k -
a 2 4 6 8 10 12 14 16 ( + V20)k, )"Q

meME 1 k2O and,
Figure 3. Beam coupling dependence on N(1+ STro/ I) (kI + k0)
grating wavevector and c-axis orientation.
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1 2  photochromic states. However, the absorptive+ gain varied in proportion to the magnitude ofcMl = -meME (1 + Io) k'( + k2) the light-induced absorption effects (since they

are related through equations 3 and 5). For
Qc2  instance, the intermediate photochromic state,

meM . O2 with no light-induced absorption, had virtually
(1+STI0o/ ~'j13(k 

2)  (4) no absorptive coupling.
Shown in Figure 4 is a plot of the

10 is the intensity, 03 is the thermal excitaton electrooptic and absorptive gain as a function of
grating wavevector with the crystal in therate of the shallow traps, in is the modulation saturated photochromic state. The electrooptic

index, and NF and Ml are the effective deep gain approaches zero for small gratinggain approache zero fornsalgrti.and shallow trap densities. wavevectors but the absorptive gain coefficient
The spatial modulation of the absorption, remained finite as kg-->O. (Absorptive coupling

(giving rise to absorptive coupling), is given was measured at a grating period of 10 gm
by, while no electrooptic coupling was measured.

This behavior is predicted by the deep and
hC(OSDNI - STMI), (5) shallow trap model where the second terms of

the charge gratings remain finite at small ks.
and the space-charge field is intensity
dependent where, Ir

3.0. BaTIO 3k T k " IEI.c,,,oo llc Gai
El -* Ab.;tA. ClainE l+k2/k 2  (6) 2.5

where the intensity dependent term has a value 2.0
between 0 and 1 and is equal to, 1., - mw/cm'

W ~ 1k kO 1.0 -Ella, k,llc

-o D I 0/ J. (7) o.5 .

The Debye screening wavevector, ko , (which 0% , * i
0 41 4 41 10 12 114 1 1is equal to the square root of the sum of the ko Ir,"

squares of the deep and shallow trap Debye
screening wavevectors, ko and kOT), is also Figure 4. Electrooptic and absorptive gain
intensity dependent because of the dependence on grating wavevector.
redistribution of charge between deep and
shallow levels. From the electrooptic gain data of Figure

4 the Debye screening wavevector k9 and T(I)4.0 Results were determined by fitting the equation for the
From our measurements we are able to gain as a function of grating wavevector where,

determine the electrooptic and absorptive COo = (i2ieff/nXm)E. The relevant
coupling gain coefficients where, electrooptic coefficient is r13 and n in the index

of refraction. Here, k0 equals 17.2 pin'l and
2~ and 11(I) equals 0.38. The intensity dependence of

(+/1 1the space-charge field (eqn. 6), in all
1/ photochromic states are nearly identical, where

= (Y W i)' 2  (8) the saturated state gain dependence on intensity
is shown in Figure 5.

Relatively small percentage changes in the Measurements of the sublinear
electrooptic gain occurred between the three dependence of the response time on intensity,
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in the saturated photochiomic state, give the visible absorption features of our BaTiO, (at
coefficient of intensity as x=0.57. The 690 nm and 515 nm), are not proportional
sublinear dependence of the response time on implying the interaction of more than two
intensity is predicted by the deep and shallow species. When we reduce these crystals,
trap model used here [4] and for a two trap (P 0 2<10- 5 atm), the photochromism is
model described by Mahgerefteh and Feinberg eliminated and thus we suspect that co-doping
[5] and Brost and Motes [6). The nominally and oxygen play a role in the photochromism
undoped sample is a type B crystal as described observed here. Mass spectroscopy is being
by Margerefteh and Feinberg [5]. The crystal conducted to determine the impurity ions in our
has high dark conductivity with a grating samples.
storage time that is intensity dependent and In conclusion. we have reported the
decays in less than a second at a writing photochromic properties of BaTiO 3 that lead to
intensity of -3.4 W/cm2. an increase in the absorption and to a a

proportional decrease in response time. We
find light-induced absorption/transparency in

3.0- the same crystal depending on the

(m)' . photochromic state. The electrooptic and

2.5 aaT1o, absorptive beam coupling effects were resolved
2.: NOMIlly unO by our measurment technique and chara-terized

in terms of a deep and shallow trap model. In
particular, the absorptive coupling is finite for

o15 , small kg and for this photochromic crystal
when no light-induced absorption changes are
observed also no absorptive coupling is

1.0 i.514.5 ,m observed (and vice-versa).
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