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Abstract. The index of refraction, optical activity, and lin- The ellipticity of a light beam emerging from these crys-
ear electro-optic coefficient are basic optical parameters deals is a function of all effects mentioned above and an ef-
termining the photorefractive behaviour Bf12TiO2p. The  fective electro-optic coefficientes is introduced. Analytic
first two can be measured by simple and classical methodexpressions are derived for the ellipticity of the light beam
but the coexistence of optical activity, electrogyration, field-emerging from the crystal as a function of the crystal charac-
induced linear birefringence, and piezoelectric and photoederistics and of the orientatio®, of the polarization of the
lastic effects in photorefractive materials suchBag,TiO29  incident light beam. Measurement of the voltage at which the
complicate the measurement of the electro-optic coefficientllipticity becomes zero yields the effective electro-optic co-
For normal incidence of linearly polarized light we derive efficientrgg.

analytic expressions for the polarization of light that has

passed through the crystal. The ellipticity of the polariza-

tion is a function of the electric-field-induced linear birefrin- 1 Fyundamentals

gence and hence of the electro-optic coefficient of the crys-
tal. Therefore measurement of the ellipticity as a function ofy
an electric field externally applied to the crystal leads to an
electro-optic coefficients; of 5.3+ 0.1 pm/V.

1 Sellmeier formula for the index of refraction

For the description of the dependence of the refractive index
n on the light wavelength we use the single-term Sellmeier

PACS: 42.65 relation [11]:

2
Electro-optic photoconducting crystals of the sillenite typen2(p) —1= A 1)
[Bi12Geeo (BGO), Bi12TiO20 (BTO), Bi12SiOz0 (BSO)] are 1= (/2

currently widely used as image-recording media for real-time . ) . .
holographic interferometry and spatial light modulation, forWhereo is the average oscillator position al is the av-
example [1-3]. BTO is a cubic crystal, belonging to the€rage oscillator strength. The paramefgysio in (1) can be
point-group 23. It exhibits optical activity and electrogyrationbtained experimentally by plotting/ in“ — 1) against ¥1°.
and is linearly birefringent when an electric field is present,] Ne slope of the resulting straight “”% givess, and the
Although there is sufficient published data of the optical painfinite-wavelength intercept giveg @$45).

rameters of BGO and BSO [4-10], there is a lack of pub-

lished data for BTO crystals. In particular, the index of refrac- . .

tion, the optical activity, and the linear electrooptic coefficientl.2 Transverse configuration

of BTO crystals are not well known.

The index of refraction and the optical activity can beThe transverse configuration is most commonly used. The
measured by using conventional methods. In BTO the electrdight beam, as shown in Fig. 1, is incident on ¥w&face of the
optic tensor has three equal nonzero elememts:rsp and  crystal, which is §110) plane, and propagates along thax-
re3. The electro-optic coefficiemys is an important parame- is. Thez axis is parallel to th€002 axis. The electric field is
ter for applications with BTO, because it is linearly related toapplied in an orthogonal direction normal to the yz face (110).
the photorefractive sensitivity. The coexistence of optical acThe principal crystallographic axes are denotecf, and
tivity, electrogyration, field-induced linear birefringence, andxs, wherexs is parallel to thez axis, andx; andxy, lie in the
piezoelectric and photoelastic effects make the measuremexy plane and are oriented at 4#ith respect to the andy
of the electro-optic coefficient quite complex. axes.
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. As is clearly seen, it is not possible to separate the two ef-
| fects (this holds for every configuration used). In any ex-
! y periment with static electric fields we measure the effective
! A electro-optic coefficientesf = ra1+ psadia. For BTO the ad-

| P |Z A ditional ps4d14 coefficient is estimated to be of the order of

! 0 X 0 0.21 pnyV [14].

! y 11 Neglecting the optical activity the above perturbations

! \45° produces a linear birefringenoet An given by the equation:

1

1

1
ST T T T T T T T T e An= Engrefon, (5)

n

e (ITO) < wheren is the refractive index of the unperturbed crystal. The

fast axisx’ and the slow axig’ are oriented at 45with re-
X\A spect to thex andz axes, respectively (Fig. 1).
1

Fig. 1. Crystallographic orientation of BTO. External electric fields are

applied parallel to thg110 axis andx’ andZ' are the axes of the electro-

optically induced linear birefringence. The light propagates normally to thel.3 Propagation of lightin a BTO crystal

xz face. Aq is the input polarization and P shows the orientation of an

analyzer behind the crystal ) . o ) . . .
The coexistence of optical activity and field-induced birefrin-
gence means that the optical eigenwaves are elliptically po-
Light waves in cubic BTO are generally affected by theIarized plane waves. The two eigenwaves have polarizations
coexistence of optical activity, field-induced linear birefrin- With the same ellipticity, but with opposite senses of rota-

gence, electrogyration, and piezoelectric and photoelastic gfon. Their major axes, which are orthogonal to each other,
fects. The perturbation of the impermeability ten@r due coincide with the principal vibration directions that would

to the influence of field-induced birefringence is given by [12]Z)C(itis\fg([){2t]his wave normal if the crystal were not optically

0 0 */TErMEo The p_hase differeno@, between the two eigenwaves per
A Biejo _ 0 0 %5 fa1Eo | - ?) crystal thickness is [12]
PruEo PruE 0 ¢ = (200°+5°, (6)

where E, is the applied field along thél10 axis andraz )
is the electro-optic coefficient. On the other hand, electrowherego is the rotatory power andgg ands are the phase
gyration produces an equivalent perturbation in the gyratioflifferences per unit crystal thickness owing to optical activity
tensor [13]. However, because of the crystal symmetry, th@nd linear birefringence, respectively. Héris given by
electrogyratory effect vanishes in the transverse configura-

In order to calculate the influence of the so-called sec- ro ’
ondary electro-optic effect (combination of inverse piezoelec-
tric and photoelastic effects) we assume that the applied volwherek, is the vacuum wavenumber of the light beam and
age results in a uniform internal field and also that the straino is the vacuum light wavelength. The ellipticity (ratio
and stress are uniform. If the crystal is totally unclampedf the minor to the major axis of the polarization ellipse)
(stress is zero) the perturbation of the real part of the imperof the eigenwave is given bl = tan(y/2) where taty) =

meability tensor is given by [12] 200/3.
Consider now a linearly polarized light beam of ampli-
0 0 %2 P44d14Eq tude Ap and angular frequenay. The polarization vector is
A Bip.h = 0 0 Y2p5,,014E, |, (3)  oriented at an anglé), with respect to the birefringent axis
! N V2 2 X' (Fig. 1) and is incident normally to th@ 10) face. In the
7" Pasd14Eo 57 pasdiaEo 0 crystal the incident wave is split into two elliptic eigenwaves:

wheredi4 and ps4 are the corresponding piezoelectric and

photoelastic coefficients, respectively. The total field-induced. = Lo(X' —iKZ)€
perturbation of the impermeability tensor is given by the sums _ o 1o/ | /ol (ke T—0t+52)

of (2) and (3): "R= Ro(-iKx'+2)e ’ 8)

i (kp -r—owt+681)

tot o ph 0 or where L and R are left-handed and right-handed elliptic
ABjj = ABj+ABj=(0 0 I'), (4)  eigenwaves, anki andkg are the corresponding wave vec-
rro tors. The amplitude&, and R, and the phase anglés and
where 82 are related tdd,, ©o, andK [15, 16].
At the exit face of the crystal the two elliptic waves have
acquired an additional phase difference. If we use an analyzer

NZJ
I'=—(r d14)Eo .
2 (Fa1+ Pastua) Eo P after the crystal oriented at an angleto thex axis we get
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We note from (13) that by measuring the voltage at which the
ellipticity becomes zero, and knowing, we can determine
the effective electro-optic coefficiends [17]. The polariza-
tion angle of the linearly polarized wave will b& @ the
(110 axis form=1,3,... and 90 to the (110 axis for
m=2,4,... as can be easily derived from (11).

2 Experimental methods and results

In all our measurements we use an undoped BTO crystal with
dimension8 mmx 8 mmx 8 mm

Fig. 2. Schematic diagram of the experimental setup for the measurement e q Measurement of the index of refractiofi.)

the refractive index of BTO

for the output light intensity after the analyzer

| =[(L+R-P][(L+R* P*]
= [L2+ K2R~ 2KLoRosin(l +50) | cod ©
+ [K2L§+ R2 + 2K Lo R, Sin(¢l +50)] sir? ©
+2LoRo(1+ K?) cog¢l + 80) oSO sin® , ©)

2
¢=kL—kR=A—(nL—nR), 8o =2581—102,
o]

wherek_ andkg are the wavenumbers ang andng are the
refractive indices of the eigenwaves.

This equation is further simplified if we consider the spe-

cial case®, = 45° (90° to thex axis) since for this casky,
R, anddp are given by

1 Ao
Lo=Ry=——+—, 80=0. 10
ARV Ver <A a0
Consequently fo®, = 45°, (9) becomes
| = [% + Acog20 — w)} AZ, (11)
where

A= K 2s'n2 [ 1co§ |
= <m> I(¢)+4_1 (@h),

cosyr = 1 K sin(¢l)
T Al1+K?2 ’

cog¢l)

siny = — 31— (12)

The experimental setup is shown in Fig. 2 and consists mainly
of a microscope mounted on a step motor stage that is capable
of motion of a few centimetres with a step width@f. um.

The crystal is mounted in an adjustable holder and placed in
the exit slit of a single-prism monochromator in front of a hor-
izontal microscope. The bandwith of the light is abéuim

A diffuser placed between the monochomator exit slit and
the crystal reduces the microscope’s depth of focus to about
1pm.

The distance between the sides F (far side of the crystal)
and N (near), perpendicular to the microscope’s optical ax-
is, is measured with a micrometer stage, which is used for
line spectra measurements, and is capable of measuring up to
1pm: (FN) =1 = 7.908+ 0.005 mm In order to focus on the
crystal surfaces we scattered a few grains of aluminium oxide
(0.5m) on them. The microscope is first focused on a grain
at F, and its position is read, then on a grain at N, and the
new position is measured. Since the angles of incidence of the
rays entering the microscope are very small, to a high degree
of approximation the distance the microscope is moved be-
tween readings is equal to the actual distance FN divided by
the index of refraction of the crystal [18]. The measurements
are repeated six times for each wavelength and a mean value
is taken. The index of refractiom(1) is determined with an
absolute accuracy af0.003 by using this method.

In Fig. 3 we plot the index of refraction as a function
of the wavelength.. The theoretical curve is a least-squares
fit of (1) to the experimental points. The obtained param-
eters arelg = 233nmand S = 8.99 x 10> nm2. Morri-
son [19] measured a refractive indexrof= 2.5540.035 at
A =633 nm which coincides well with our result of =
2.578. Our results are also in excellent agreement with the
data published by Mersh et al. [20]= 227 nmand S =
9.40x 10> nm2).

According to (11), the light intensity after the analyzer varies>-2 Measurement of the rotatory powey()

between(3 + A)AZ and (3 — A)A2 for rotation of the an-

alyzer. Obviously forA = % the light is linearly polarized
behind the crystal. This condition is fulfilled fd = 1 or
¢l =, 2, .... Then (5), (6) and (7) yield

2 - rmr
reff: <—n3E0> (I—>—(2Q0)2, m=1, 2, e .
(13)

The crystal is placed between a polarizer and an analyzer and
is illuminated by a collimated monochromatic beam, which is
obtained from a halogen lamp and a single-prism monochro-
mator. The bandwidth of the light is abdutm A photomul-
tiplier is used as a detector. We measure the angle of rotation
of the polarization plane by rotating the analyzer until extinc-
tion. The obtained angle of rotation divided by the crystal’s
thickness yields the rotatory powes.
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Fig. 6. Experimental resultsdptg for the effective electro-optic coefficient
reff of BTO versus wavelength. The error bars represent the standard de-
viation of each measurement set. Tdwited linerepresents the mean value
of all measuredeg values

4 i o Ce e e
plied voltages. This gives us a rough estimate of the zero-
N R S . ellipticity voltages. Then Pis set to O (or 9C¢° to (110)
500 550 600 650 700 750 800 and the applied high voltag&/, is fine tuned until a min-
A (nm) imum output intensity is reached. Sind& = V/d (d is

Fig. 4. Optical rotatory powepg of the BTO crystal as a function of the

light wavelengthi

the width of the crystalyer can be calculated by (13).
The material parameters() (Fig. 3), oco(A) (Fig. 4),1 =
7.908 mm andd = 8.0 mmare used for the calculations. In
our experiments, the process is repeated for various wave-

In Fig. 4 we plot the results as a function of the wave-lengths.

lengthi. Our results are in excellent agreement with the data Owing to the photoconductive property of the BTO crys-
published by Mersh et al. [20] and in fairly good agreementals, screening charges build up because of nonuniformity
with the data published by Feldman et al. [7] and McCahon ein the illumination or because of blocking contacts [21, 22]
al. [8]. BTO exhibits very low optical activity compared with the outcome being that the internal field may vary from
other similar materials such as BGO and BSO [7, 10]. the assumed value o¥/d. The effect is stronger as the
externally applied field is increased [9,17]. The screening-
charge build-up can be prevented if a sufficiently-high-
frequency square-wave high voltage is applied externally to
the crystal [23]. Because of its low optical activity, BTO
Our method consists of determining the zero ellipticity volt-exhibits two ellipticity minima in the 0 td0kV/cm range
age for a specific polarization of the incident light beamfor wavelengths ranging fron500 nmto 700 nm There-

(®o = 45° which is 90 to the (110 axis). A schematic di- fore, to minimize the influence of the screening charges
agram of the experimental setup is shown in Fig. 5. A colli-we use only the first ellipticity minimum in our calcula-
mated beam of monochromatic light, obtained from a Hg-Xeions.

high-pressure white-light lamp passes through an interfer- In Fig. 6 we plotre as a function of the wavelength.
ence filter and illuminates the BTO crystalh Bnd B are  The error bars represent the standard deviations. Within the
linear polarizers mounted on rotatory stages with angulaexperimental error the effective electro-optic coefficient has
scales. First, for a fixed position offR90° to (110) the no measurable dispersion in tf&8-683 nm wavelength
ellipticity of the output beam is measured for various ap-+ange. The calculated mean valuergf plotted as a hori-

2.3 Measurement of the electro-optic coefficieat



zontal dotted line in Fig. 6, was found to B+ 0.1 pnyV
where thet0.1 error represents the standard deviation. If we

subtract the piezoelectric contributio®.21 prryV [14]) we 1.

get a value of41 = 5.3+ 0.1 pm/V which is in satisfactory
agreement with the results in [24], wheg = 5.17 pnyV is
obtained.

~NOo 0ol w

3 Concluding remarks

(o]

In this paper we present experimental data for the index of

refraction and the optical activity of BTO crystals. In order ©-

to find a convenient and accurate technique for the measurey

BTO crystals for the transverse configuration. The electro-

ration and the so-called secondary electro-optic effect (in-L3-
9y y P ( &4. S.1. Stepanov, S.M. Shandarov, N.D. Khatkov: Sov. Phys. Solid State

verse piezoelectric and photoelastic effects) are taken int

account. Analytic expressions are derived for the ellipticity of 15,

the polarization of a light beam passing trough a BTO crystal

as a function of the crystal properties and of the orientation ofl6.

the incident light vector.

We apply these expressions to the special case of Iighy'

with an incident polarization parallel to tf801 axis, which
is symmetrically oriented to the birefringence axéandz.
From the simplified expressions we deduce the interesting re-
sult that after passing trough the crystal the light is linearly
polarized for a specific set of values of the induced bire-

fringence and thus of the applied electric field. The output21.

polarization is either normal or parallel to the incident-light

polarization. A simple relation is derived, yielding the effec- 22

tive electro-optic coefficientesf from the above-mentioned
externally applied electric field. The demonstrated method is
precise and very simple to operate.

18.

24.
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