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Electrooptic  and  Piezoelectric  Measurements in 
Photorefractive  Barium  Titanate  and  Strontium 

Barium  Niobate 

STEPHEN  DUCHARME, JACK FEINBERG, MEMBER, IEEE, AND RATNAKER R. NEURGAONKAR 

Abstract-We have  measured  the  low-frequency ("unclamped") 
electrooptic  and  piezoelectric coefficients in undoped BaTiO, and 
SrSa,   -Nh2O6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.61) crystals  using  interferometric  techniques. 
The Contribution of the  piezoelectric effect to  the  Pockels  measure- 
ments is discussed. For an  applied  ac  electric field in  the range 0.1-200 
V/cm,  the  electrooptic  and  piezoelectric effects are  linear in the  mag- 
nitude of  the  applied field and  independent  of  its  frequency  in  the  range 
10 Hz-100  kHz. The unclamped  electrooptic coefficients of  poled 
BaTiO, single  crystals  are r I3  = 19.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 1  pm/V  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr33 = 97 k 7 
pm/V,  and  for  strontium  barium  uiohate  are r 1 3  = 47 f 5 pm/V and 
r3; = 235 f 21  pm/V,  all  measured  at  a  wavelength  of  514.5 nm and 
at T = 23°C. For the barium  titanate  samples  the  measured  Pockels 
coefficient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr, = r33 - (n l /n3 j3r ,3  = 79 f 6 pm/V is in good  agreement 
with the value r< = 76 f 7 pm/V computed  from the above  values of 
r , ;  and r33, where n ,  and n3 are  the  ordinary  and  extraordinary  indexes 
of refraction,  respectively. The measured  piezoelectric coefficient is d,, 
= +28.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi. 2  pm/V  for  barium  titanate,  and  is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdz3 = +24.6 2  pm/V 
for  strontium  barium  niobate. We also  measured the photorefractive 
coupling  of  two optical beams in the  crystals,  and we show that  the 
dependence of  the  coupling  strength  on  beam  polarization  is in fair 
agreement with  the  measured  values  of  the  Pockels coefficients. 

INTRODUCTION 

HOTOREFRACTIVE crystals of barium titanate P( BaTi03 ) and strontium barium niobate 
( Sr~rBal -xNb206) have proven useful for  a variety of non- 
linear optical applications [ l ]  due, in part, to their large 
linear electrooptic (Pockels) coefficients. Recent models 
of the photorefractive effect show that the nonlinear cou- 
pling strength between optical beams is proportional to 
the Pockels coefficients and to the difference in  the  elec- 
tron and hole photoconductivities of the crystal [2]-[6]. 
Consequently,  accurate values of the Pockels coefficients 
are needed in order to determine  the relative contribution 
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of electrons and holes to the photorefractive effect in these 
crystals. 

Previously reported measurements of the electrooptic 
coefficients in BaTiO, were made on flux-grown (Re- 
mieka Method) crystals [7]-[lo] and not on the higher 
quality melt-grown (Czochralski Method) crystals now 
available [ l l ] .  The flux-grown crystals have relatively 
large concentrations of impurities, particularly iron, so 
that their dielectric and  electrooptic properties may differ 
from those of the much purer melt-grown crystals. Ad- 
ditionally, previous interferometric measurements of the 
electrooptic coefficient rI3 of BaTi03 were in error as they 
neglected the piezoelectric contribution to the phase 
change of a beam passing through the electrooptic crystal 

[121. 
Here we present corrected interferometric measure- 

ments [13] of selected Pockels and piezoelectric coeffi- 
cients of BaTi03 and Sr,Ba, -xNb206 (x = 0.61 ). We 
consider and eliminate  the following possible sources of 
systematic error in the measured electrooptic coefficients: 
1) the interplay between piezoelectric and Pockels effects, 
2) space charge and electrode effects in the electrooptic 
measurements, 3) misalignment of the optical and the low- 
frequency electric fields to the crystal axes (especially im- 
portant in BaTi03 because of its large coefficient rd2' coef- 
ficient), and 4) possible incomplete poling of the  crystals. 

The crystals were grown from a top-seeded melt 
(Czochralski method),  cut,  polished, and mechanically 
poled (to eliminate 90" domains) [ 141. We electrically 
poled the crystals (to eliminate 180" domains) using a 
technique previously developed in poling numerous crys- 
tals [2].  The dimensions of the various crystals are given 
in Table I. The crystal faces were at right angles  to within 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO and cut normal to the principal axes of the  crystal, 
as determined optically.  The c axis (spontaneous polar- 
ization axis) was at right angles to the  face  to within * 1 " . 
The BaTiO, crystal faces were slightly convex and pro- 
duced a mildly astigmatic lensing with focal  lengths of 2 
to 10 m along the x axis.  The crystals were without visible 
flaw  and  had a  faint, olive-brown color. 

BaTi03 is tetragonal with 4 mm symmetry between - 9 
and - 127°C. Letting the  spatial coordinates x-y-z be 
numbered 1-2-3, with the c axis along the z (or 3)  direc- 
tion,  the nonzero electrooptic coefficients are (in the  con- 
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TABLE I 
CRYSTAL  DIMENSIONS (IN CENTIMETERS) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
crystal 1 2 B(c-axis) 

BaTiO3 
SWISS 0.420 0.480 0.455 
CAT 0.435 0.560 0.540 
DOYLE 0.235 0.565 0.445 
FREE 0.540 0.530 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.730 
ROCKY 0.420 0.420 0.370 

SBN:60 0.550 0.535 0.700 

LiNbO3 0.445 0.500 0.510 

(All dimensions are i0.005 cm) 

Fig. 1. Crystal  geometry  and  coordinate  system  used  in  the  electrooptic 
measurements.  The  electric field is  applied  along  the 3 direction,  the 
direction of the  spontaneous  polarization of the  crystal ( c  axis).  The 
optical  beam  propagates  along  the 2 direction. 

tracted notation of [ 151 and [ 161) r13 = r23, r33, and r42 = 

r51, and the corresponding piezoelectric coefficients are 
d13 = d23, d33, and d42 = d5] .  (Here  the  positive  3  direc- 
tion is defined as  the direction of spontaneous polariza- 
tion, which is in  the  direction of the applied poling elec- 
tric  field.) The crystal is birefringent with refractive 
indexes n3 = 2.431  and n1 = n2 = 2.494  at room tem- 
perature and at a vacuum wavelength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX = 514.5 nm [17], 
[ 181. In all of our experiments the applied electric field 
and the light-induced space-charge field were along the c 
axis. Optical beams were propagated along the y direction 
and polarized along the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx direction (ordinary rays) or in 
the z direction (extraordinary rays), as shown in Fig. 1. 

The Pockels coefficients can be determined from the 
magnitude of the measured phase change  as  follows. An 
electric field E applied across  the crystal will alter  the  in- 
dex ellipsoid by the electrooptic effect [ 151, [ 161. The 
change in the refractive index Ani for  a  beam polarized 
along the ith crystal axis  is 

3 

Ani = -(1/2)n3 rqEj. (1) 

Note,  however,  that  the  same applied field can, by the 
piezoelectric effect [ 151, cause  a  change A Lk in the length 
Lk of the crystal along  the k direction: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj =  1 

3 

AL, = c dkjEjLk. (2) 

An electric field E3 applied along the  crystal’s  3  direc- 
tion will cause  a  change A+; in  the optical phase +i = 
2rn; L2/X of a beam propagating along the  2 direction 
and polarized along the ith axis: 

;= 1 

A+i = (2n/X) A ( n i h )  = (2a/X) (Ani& + niAZq) 

= (2rL2/X) ( -n?ri3/2 + [ni  - 11 d,,)E3 ( 3 )  

where & is the length of the  crystal along the  2  direction 
(the beam propagation direction), i = 1 for ordinary rays 
and i = 3  for extraordinary rays,  and X is  the vacuum 
wavelength. The negative sign on the  electrooptic term in 
(3) comes from the definition of the  electrooptic coeffi- 
cients [15], [16]. 

The Pockels coefficients are determined by applying an 
electric field E3 along the  crystal’s c axis  (the  3 axis) and 
measuring the resulting phase change.impressed on an  op- 
tical beam passing through the  crystal. An argon-ion  laser 
operating in a  single longitudinal TEMoo mode supplied 
the optical beams to the homemade Mach-Zehnder  inter- 
ferometer shown in Fig.  2 [19]-[20]. A 1 m focal length 
lens was placed in the reference arm to approximate  the 
lensing produced by the  crystal, which was placed in the 
signal arm. The resulting interference pattern was a  series 
of concentric ellipses.  The  optical intensities in the  two 
arms of the  interferometer  were  adjusted  to  be  approxi- 
mately equal at the  output of the  interferometer. The po- 
larization of the  optical beams could be made parallel or 
perpendicular to the c axis of the crystal. 

A  dc voltage ( E p  = 0-100 V/cm) plus a  small sinu- 
soidal ac voltage (Eg” = 0.1-200  V/cm  peak-to-peak) at 
frequencies ranging from 10’ to lo5 Hz were applied to 
the silver paint electrodes on the  two c axis  faces of the 
crystal.  The  applied voltage E3 = E? + E? altered  the 
phase of the beam passing through  the  crystal.  This phase 
change was monitored at the  output of the  interferometer 
by a pinhole and  detector, followed by a lock-in amplifier 
with an integrating  time of 10 s and set to  the same fre- 
quency as the applied ac  electric field: The frequency re- 
sponse and linearity of the  function  generator,  cables,  de- 
tector, and lock-in amplifier were all carefully checked. 
A Babinet-Solei1 compensator in one  interferometer arm 
was adjusted so that with no ac  voltage (E? = 0 )  the 
output intensity at the  center of the interference pattern 
was Z, + Z2, where ZI and Z2 are  the  separate  output inten- 
sities from each of the interferometer  arms.  This set the 
phase difference between the  two  interferometer  arms to 
be r / 2  (modulo 2 r ) ,  which was the most sensitive op- 
erating point of the  interferometer.  This bias point was 
measured at the  start and at  end of each 10 s experiment 
to insure that it had not drifted during data collection. 

Turning on the applied ac electric field (E:  # 0 )  in- 
duced a small phase change A+i in one arm of the  inter- 
ferometer, which caused an intensity change AZ at the 
output of the interferometer given by 

AZ = -2(ZlZ2)1’2sin (A+ i )  = -2(ZlZ2)1’2A+i (4) 

for A+i << 1. 
For  a given applied field E3, the ratio A I / (  Zl + Z2 ) was 

measured to determine  the phase change A+i from (4). 
Note that the applied electric field E3 in  (3)  causes the 
phase change A+i via two  distinct mechanisms: 1) the 
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Fig. 2. Electrooptic  interferometers.  The  Mach-Zehnder  interferometer 
used  to  measure  the  electrooptic  coefficients zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr , 3  and r33 (lower  inset)  and 
the  piezoelectric  coefficient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd,3 (upper  inset).  The  crystal  is  placed in 
one  arm  and  a Babinet-Solei1 compensator in the  other  arm.  The  crystal 
c axis  and  the  compensator  slow  axis  are  aligned in the  plane  of  the 
figure. The polarization  of  the  optical  beams  in  the  two  polarizer  arms 
are  made  the  satne by the  separate  polarizers.  The  output  polarizer  was 
aligned  parallel  to  the  input  polarizers. 

change in the crystal’s refractive index (electrooptic ef- 
fect), and 2) the  change in the  crystal’s length along  the 
path zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the  optical  beam (piezoelectric  effect).  This is not 
to be confused with the difference between the unclamped 
and clamped Pockels coefficients, for which the crystal is 
either allowed (unclampled) or not allowed (clamped) to 
expand along  the  direction of the  applied  electric je ld .  
Here  our experiments are performed with an  ac field 
whose frequency is far below any acoustic resonance of 
the  crystal, so our measurement yields a value for  the un- 
clamped Pockels coefficient. A high-frequency experi- 
ment would yield a clamped measurement, and  in that case 
there would be no piezoelectric contribution to the mea- 
sured phase change zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA $ i .  

In order  to  use (3) to determine  the Pockels coefficients 
rij from the measured phase change zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA&,  the piezoelectric 
length change AL2 must be measured independently. The 
piezoelectric coefficient d I3  = dZ3 was measured using the 
same interferometer shown in Fig. 2. However, instead 
of passing one beam through the  crystal,  the beam was 
rejected off of two opposite crystal faces,  as shown in the 
upper inset of Fig. 2. This allowed a  direct measurement 
of any change in the length of the crystal along the 2 di- 
rection due to the applied electric field along the 3 direc- 
tion. By reflecting the light off both crystal faces,  the sen- 
sitivity to any translation of the  crystal was eliminated, 
and the sensitivity to  the crystal’s length change was dou- 
bled [ 131. The sign and the magnitude of the measured 
piezoelectric coefficient d23 was then used to compute  the 
Pockels coefficients ri3 using (1)-(4). Table I1 shows the 
results of the low-frequency electrooptic and piezoelectric 
measurements in the various crystals.  Our value of d23 = 

+28.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 2 pm/V for the piezoelectric coefficient of 
BaTiO, has the same magnitude but opposite sign of mea- 
surements using piezoelectric resonances on similar  crys- 
tals 1221, r231. We find that in both barium titanate and 

TABLE I1 
ELECTROOPTIC  MEASUREMENTS IN PHOTOREFRACTTVE  CRYSTALS AT 514.5 
nm  (EXCEPT AS NOTED), AN AC ELECTRICAL  MODULATION OF 1000  Hz, 

STANDARD  DEVIATIONS AS DETERMINED BY REPEATED  MEASUREMENTS 
AND A CRYSTAL TEMPERATURE T = 23°C.  THE INDICATED ERRORS ARE 

Crystal 

B a T i 0 3  
SWISS 
CAT 
DOYLE 
FREE 
ROCKY 

SBN:60 

LiNbO, 
BOB 

ri3 r33 

(picometerlVoit) 
measured 

19.411 97k7 
19.7k1 99k5 

_._____ _ _  -...... 
_.. . . - - - __ - - - - 
19.411 94.4M 

46.715 235-0 

9.620 30.920 

10.1+.3 28.8k1 

measured  computed  computed  measured 
(picometerNolt) 

di3 

(picometerNolt) 
measured 

~ 

28.7+3 
28.721 

*Values in the last  row are  taken  at h=632.8 nm from Refs. 20,  27-29 

field  in the 3 direction caused the crystal to expand in the 
2 direction, when the electric field  was applied in the same 
direction as  the original electric field used to pole the 
crystal. From (2) and the  above definition for the positive 
direction of the  electric field, this implies a positive value 
for the piezoelecttic coefficient d23.  

A number of tests were performed on two of the BaTiO, 
crystals (CAT  and SWISS) to determine the role, if any, 
of surface  layers, space-charge fields, and photorefractive 
effects on the interferometrically measured values of the 
electrooptic coefficients. Space charge limited conduction 
occurs for frequencies below the dielectric relaxation rate, 
which was < 10 Hz in our BaTi03 samples at the optical 
intensities used here ( << 1 W/cm2. ) We checked for 
space-charge effects on the measured electrooptic coeffi- 
cients r13 and r3, in several ways: 1) the frequency of the 
applied ac field  was varied from 10 Hz to 100 kHz with 
no measurable change  in  the  amplitude of the detected 
signal; 2) the magnitude of the applied ac field was varied 
from 0.1 to 200 V/cm,  as shown in  Fig. 3, and the mag- 
nitude of the applied dc field varied from 0 to 100  V/cm 
with no measurable change in the computed coefficients; 
3) the signal was independent of the position and size of 
the optical beam in the  crystal; 4) the signal was indepen- 
dent of the intensity of the  interferometer beam and  of the 
intensity of another beam (incoherent with the first beam) 
that uniformly illuminated the  crystal; and 5)  the signal 
was independent of the  presence of a photorefractive grat- 
ing created in the crystal by two, ‘‘writing” beams coher- 
ent with each other but incoherent with the interferometer 
beam. Any space-charge effects would have shown up in 
tests 1)-4) above. Test 5 )  eliminated any possible elec- 
trostrictive effects caused by the large ( - 1000 V/cm) 
spatially-periodic photorefractive electric field induced by 
a photorefractive grating. 

The possibility of piezoelectric resonances contributing 
to our measurements was also ruled out.  The frequencies 
ofthe acoustic normal modes of  a crystal of length L are 
.f, = mv/2 L (ignoring damping) where u is the velocity 

I - -  - 
strontium barium niobate, the application of an  electric of sound’in  the  crystal,  and rn is an  integer. The speed of 

. .  - -  
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E l e c t r i c  F i e l d  ( V / r n )  

Fig. 3. Log-log plot  of  the  interferometer  signal  versus  the  amplitude of 
the  ac  electric field applied  across  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc axis of the “SWISS” BaTiO, 
crystal,  using  the  interferometer of Fig. 2. The  Pockels  coefficients r , ,  
and r33 are  determined  from  the y intercepts  of  the  plots.  The  straight 
lines  have  a  slope  of  unity. 

sound in BaTi03 at room temperature ranges [22]-[24] 
from 3000 to 6500 m/s (depending on the particular 
acoustic mode) so thatfi 1 300 kHz in all of the crystals 
studied, which is much larger than the frequencies of our 
ac fields. As an experimental  check, we modulated the ac 
voltage on  the crystal at frequencies up to 100 kHz and 
saw no change in either  the electrooptic or piezoelectric 
response, indicating that we were indeed far from any 
piezoelectric resonances. 

To confirm our measured values of the Pockels coeffi- 
cients,  we  also measured the  change in the crystal bire- 
fringence induced by an  applied  electric field, and so de- 
termined the combination of electrooptic coefficients r, = 
r3, - (n1/n3)3r13. An argon-ion laser beam ( X  = 514.5 
nm) initially polarized at an  angle of 45” with respect to 
both the  1 and 3 axes of the crystal was propagated along 
the 2 axis of the  crystal,  as shown in Fig. 4.‘  An electric 
field E3 = E? + E? was applied along the 3 axis of the 
crystal.  The  linear  birefringence of the crystal ( n l  - n3 
= 0.06) plus the  birefringence induced by the applied 
electric field caused a phase difference A$ between the 1 
and 3 components of the transmitted optical field. A Ba- 
binet-Solei1 compensator following the crystal was ad- 
justed so that A$ = ~ / 2  (modulo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2n) when EY = 0, in 
which case  the intensity transmitted through the second 
polarizer was half of its maximum value. With the ac 
component E? now made  nonzero,  the intensity of the 
beam transmitted through the analyzing polarizer is given 
by (4) with 

Because the  birefringence of the crystal is small,  the first 
term in (5) is negligible compared to the  second, and mea- 
suring the intensity of the  slope of the  curve in Fig. 5 
gives a  value  for  the combined Pockels coefficient r, = 
79 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi- 6  pm/V.  This  is in good agreement with the value 
of r, = r33 - ( n l  /n3)3r13 = 76 & 7 pm/V calculated 
from our individually measured Pockels coefficients, as 
listed in Table 11. 

The ratio nir33/n: r13 of the Pockels coefficients was 
also measured separately using two photorefractive tech- 
niques [ 11, [25]. First,  the magnitude of photorefractive zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

detector, \ 
polarizers \ 

compensator 

Fig.  4.  Measurement on the  combined  Pockels  coefficient r,. The polar- 
ization  of  the  optical  beam  at  the  entrance  face of the  crystal is at  an 
angle  of  45”  to  the  crystal’s c axis.  The  Babinet-Solei1  compensator, 
with  its  slow  axis  parallel to  the  crystal c axis,  is  used  to  adjust  the 
polarization  of  the  beam  incident  on  the  crossed  output  analyzer. 

Electr ic F i e l d  ( V / r n )  

Fig.  5. Log-log plot  of  the  transmitted  signal  versus  the  amplitude of the 
ac  electric field applied  across  the c axis of the “SWISS” BaTiO,  crys- 
tal,  using  the  setup of Fig.  4.  The  combined  Pockels  coefficient rc is 
determined  from  the y intercept of the  plot.  The  straight  line  has  a  slope 
of  unity. 

two-beam coupling gain g was measured in  each BaTi03 
crystal for two extraordinary polarized beams (g = g3 ) or 
two ordinary polarized beams ( g  = g ,  ), where the gain g 
is  defined as  the intensity increase of the transmitted probe 
beam due to the  presence of a strong pump beam.  The 
experiment was performed at  514.5 nm using beam di- 
ameters of - 3 mm, an external beam-crossing angle of a 
few degrees,  the k-vector of the  photorefractive grating 
aligned along the c axis of the  crystal, and with the inten- 
sity  of the pump beam (incident intensity = lo-’ W/cm2) 
much larger than the intensity of the  probe beam (incident 
intensity = W/cm2). Only the peak value of the 
transmitted probe beam power was recorded,  as  the signal 
fluctuated in time  due  to vibration of the  optical compo- 
nents. Note that this measurement is  sensitive to errors 
caused by pump beam depletion, beam nonuniformity,  a 
photovoltaic field in the  crystal,  or crystal misalignment. 
The ratio of the two-beam coupling strengths g3/g1 for 
the two polarization is given in Table 11. According to 
theory [25] g 3 / g ,  = nir33/n:r13.  Note, however, that our 
measured ratio of the two-beam coupling gains g 3 / g ,  is 
significantly less than the ratio ni r33 /n: rI3 computed from 
our interferometrically measured Pockels coefficients r3, 
and ~ 1 3 .  One explanation is that beam-fanning [26] of the 
extraordinary polarized beams is reducing the coupling 
gain g 3 .  Another (more interesting)  explanation  is  that 
there are different excitation cross sections  for electrons 
and for holes in these BaTi03 samples, and that the cross 
sections for  the  two  species  are  polarization  dependent, 
as discussed below. 

The ratio n: r33/n; r13 of the Pockels coefficients was 
also measured by another  technique, in which the diffrac- 
tion efficiency of a  photorefractive  grating is measured 
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simultaneously for ordinary and extraordinary beams. A 
weak probe beam (incident intensity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= lop3 W/cm2) po- 
larized at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45" to  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyz (2-3) plane was made to intersect 
a strong pump beam (incident intensity = lo-' W/cm2) 
polarized either as an ordinary ray along  the  1  direction, 
or  as an extraordinary ray in the  2-3  plane, in a BaTiO, 
crystal. The  two beams wrote  a photorefractive grating. 
The strong pump beam was then  blocked, and the weak 
probe beam (which was so weak that it negligibly erased 
the grating) was Bragg-deflected off of the  grating.  The 
diffraction efficiency for each of the polarizations was 
measured by placing a polarization analyzer on the  de- 
flected beam. By polarizing the probe beam at 45", the 
diffraction efficiency  of either  the ordinary or the  extraor- 
dinary beam could be measured simultaneously from the 
same  refractive-index  grating without changing the  align- 
ment of any beams. (Both the ordinary and extraordinary 
polarization components of the probe beam are  automat- 
ically Bragg-matched to the grating, independent of the 
polarization of the pump beam).  The ratio of the  2-3 and 
the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 components of the diffracted beam should be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr13)*. Note that this ratio is insensitive to the 
optical beam intensities or to the optical alignment. A 
measurement in the "DOYLE" crystal of BaTi03 gave 
n: r33/n: r I 3  = 3.6 -t 1  for  an o-polarized pump and 5.9 

2  for  an e-polarized pump.  (This should be compared 
to the measured value g3/g1 = 3.5  0.2 for  the ratio of 
two-beam coupling gains in the  same  crystal.)  The depen- 
dence on writing-beam polarization can be explained if 
there is significant hole-electron competition in these 
samples, and if the  cross section for  optical excitation of 
these charges differs for  the two optical polarizations. If 
true, then the conductivities of the various species could 
be determined by a  series of such  experiments.  This will 
be pursued in a  separate  work. 

As a final check on  our experimental techniques, we 
measured the known electrooptic coefficients of a LiNb03 
crystal, and found good agreement with the values re- 
ported in the  literature,  as shown in Table 11. 

Our revised values for the Pockels coefficients of bar- 
ium titanate and strontium barium niobate can now be 
used in current models for  charge transport [5]-[6] to ac- 
curately determine the relative contributions of electron 
and hole transport to the photorefractive effect in these 
crystals.  For  example,  in [25] it was thought that hole- 
electron competition was absent in BaTi03 because  the 
measured two-beam coupling gain agreed with the theo- 
retical gain calculated from the Pockels coefficient r13 = 

8 (which was the best value  available  at  the time) and 
assuming only one species of charge carriers (holes). 
However,  our new value r13 = 19.5 implies that, had there 
really been no hole-electron competition in those experi- 
ments, the measured coupling gain should have been about 
2.5 times larger.  Therefore those measurements actually 
proved that electrons and holes had comparable photo- 
conductivities in  that BaTi03 crystal.  Indeed,  our revised 

values for r13 and r33 of BaTiO, imply that electrons and 
holes have comparable photoconductivities in all of the 
BaTi03 crystals studied in [2] and [3], in spite of the ox- 
idation or reduction treatments used in those experiments 
to eliminate such competition. 
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