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We present and analyze the room temperature (7'=23.5 °C) time behavior of the transmitted intensities of
polarized light passing through an unclamped (100)-type single crystal of barium titanate (BaTiO3) when sub-
ject to a time-dependent, externally applied electric field. To the authors’ knowledge, this is the first reported
observation and analysis of such time-resolved optical transients. According to a previous [J. Opt. Soc. Am. A
22, 377 (2005)] observation by the authors, this original optical technique can, in principle, be used on 18 out
of 20 noncentrosymmetric crystal point groups where the first-order (Pockels) and second-order (Kerr) electro-
optic effects coexist. Because of its nondestructive nature, this novel optical method would be a useful tool in
other fields of condensed-matter physics in which time-behavior observation and characterization of certain
physical parameters of crystals are important. © 2005 Optical Society of America
OCIS codes: 190.3270, 160.2260, 260.1180, 160.1190, 230.4110.

1. INTRODUCTION

When an external electric field is applied to a ferroelectric
sample of tetragonal BaTiOs, the indices of refraction un-
dergo changes as a result of the electro-optic effect. If
light shines on the sample, these variations in the refrac-
tive indices induce detectable changes in the transmitted
intensity of the light. These intensity changes are a func-
tion of the state of polarization of the transmitted light.
By measuring and analyzing the variation of the polar-
ized light intensity for different values of the applied elec-
tric fields, it is possible to obtain quantitative information
about some of the electro-optic coefficients of the ferro-
electric crystal. Results from these measurements were
reported by the authors in a previous paper1 in which
they determined the two off-diagonal Kerr coefficients for
an unclamped bulk single crystal of BaTiO3 at room tem-
perature (7'=23.5°C) and a light wavelength X\
=632.8 nm.

Here we concentrate on the time behavior of the trans-
mitted light intensity during three main transitions in
the BaTiO; crystal, all of which are induced by abrupt
changes in the externally applied electric field. The first
main type of transient (excitation) in the light intensity
occurs when the electric field across the BaTiO3 sample
changes sharply from zero to a nonzero value. The second
main type of optical transient (switching) occurs when the
direction of the voltage across the sample, having a non-
zero value, is suddenly inverted. The third type of tran-
sient behavior (relaxation) occurs when the electric circuit
is opened and the crystal starts to relax back to its origi-
nal unexcited state.

By analyzing and theoretically modeling these time-
resolved optical transients, we were able to deduce quan-
titative and qualitative information with regard to the ex-
citation, switching, and relaxation-time behavior of the
ordinary (n,) and extraordinary (n,) indices of refraction
for a (100) bulk single crystal of tetragonal BaTiO3 when
subject to an abruptly changing applied electric potential.

We proceed in the following manner. First we will show
these optical transients and provide a detailed explana-
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tion of the way they were experimentally measured. Then
we will construct a theoretical model of the transients and
compare that model with our experimental results.

2. EXPERIMENT AND RESULTS

We begin by providing a view of the experimental data;
then we go on to describe in detail the layout of the ex-
periment. In Subsection 2.B we return to the experimen-
tal results and explain the collection procedure.

A. Experimental Design
A simplified version of the experiment is presented in Fig.
1. The modulated optical intensities /," and 7, along the
y' and z' directions have their polarizations orthogonal
relative to each other. The Cartesian system of coordi-
nates (x,y’,z') is rotated with respect to the Cartesian co-
ordinate system (x,y,z) by an angle §=15° in the trigono-
metric direction. The time evolution of I, and I,” for
different electric fields is shown in Figs. 2 and 3 during
two experimental trials. The I, is a fraction of the inten-
sity of the incident beam and is used in the experiment for
monitoring purposes only. By analyzing the behavior of
the two modulated intensities mentioned above, we will
be able to extract quantitative information regarding the
time constants associated with the excitation, switching,
and relaxation processes induced in our ferroelectric
sample by changes in the externally applied electric field.
The actual experimental layout used for collecting the
above mentioned data is presented in detail in Fig. 4. The
experiment was performed at a temperature of 23.5 °C.
The sample was an unclamped, 5-mm X5-mm X 1-mm,
two-face-polished, (100)-oriented, single crystal of
BaTiOs. It was mounted with the spontaneous polariza-
tion Py in the z direction. A pair of electrodes 3 mm in di-
ameter was created by sputtering a 20-nm-thick layer of
gold on the 5-mm X 5-mm opposite faces of the sample.
The connection between these electrodes and the electri-
cal cables from a high-voltage power supply (PS) was
made through a pair of thin gold wires (GW) which were
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Positions of the two modulated
intensities /’,, I’; on the screen
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Fig. 1. Simple schematic of the optical amplitude modulation
system. The modulated optical intensities I, and I," are polar-
ized along the axes y’ and z’, respectively.
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Fig. 2. Time-behavior plot of the two modulated orthogonal in-
tensities I,’,I,’ and the monitoring intensity I,, for the first ex-
perimental trial. I," and I, are polarized along the axes y’ and 2/,
respectively. The Cartesian system of coordinates (x,y’,z’) is ro-
tated counterclockwise by an angle §=15° relative to the Carte-
sian coordinate system (x,y,z). The applied electric field (E;)
across the BaTiO3 sample was switched in a steplike fashion ap-
proximately every 50 s for 500 s. The values in volts of the elec-
tric field taken in chronological order were 0, +400, —400, O,
+600, —600, 0, +200, —200, 0.

permanently attached to the sample electrodes with a col-
loidal silver paste solution. The front surface of the
BaTiO3 crystal was illuminated with an incandescent
lamp (IL), making it visible to a CCD camera (BASLER
A101p; 1300H X 1030V pixels; pixel size, 6.7 um
X 6.7 um).

A 0.5-mW He-Ne laser beam of wavelength A
=632.8 nm and diameter 0.48 mm at the 1/e? points
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transmitted through the crystal after being split by a
beam splitter (BS1). One part of the incident beam went
into a light-intensity detector (D1), which was used to
monitor changes in the magnitude of the incident beam
intensity. Before reaching the crystal, the incoming light
was linearly polarized at 45° relative to P, by a polarizer
(PO). After passing through the crystal, the transmitted
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Fig. 3. Same as Fig. 2 but for the second experimental trial. The
values in volts of the electric field taken in chronological order
were: 0, —400, +400, 0, —-600, +600, —600, 0, +200, 0. In this
case the —400-V field on the sample was kept on for =20 s only.
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Fig. 4. Schematic of the experimental setup; the y axis points
out of the paper. The setup contains the following
elements: laser, BaTiOj crystal, 45°-linear polarizer (PO), Wol-
laston prism (WP), beam splitters (BS1, BS2, BS3), intensity de-
tectors (D1, D2, D3), convergent lenses (L1, L2, L.3), CCD camera
(CCD), digital camera (DC), computer system (CS), incandescent
lamp (IC), power supply (PS), millimeter ruler (R), screen (S),
and a pair of gold wires (GW).
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beam was divided with a Wollaston prism (WP) into two
beams of light having mutually perpendicular polariza-
tions. The prism was rotated counterclockwise by an
angle #=15° in the plane normal to the direction x of light
propagation (see Fig. 1). The rotated Wollaston prism was
the novel design feature that differentiated our amplitude
modulator from the standard ones found in the optical
literature® '3 because it allowed modulation of both or-
thogonally polarized waves at the same time.

Each of those two orthogonally polarized beams was
then further separated into two lower-intensity beams by
a set of beam splitters (BS2, BS3). For each of these new
lower-intensity beams, part was focused by a convergent
lens (L2 or L3) into a light-intensity detector (D2 or D3)
while the other part was passed through a common con-
vergent lens (L1) onto a screen (S) having a thin, millime-
ter ruler (R) attached to it.

B. Experimental Results

Figures 2 and 3 show the time evolution of the optical in-
tensities measured by the three detectors (D1, D2, D3),
for two experimental trials. During each of these trials,
the electric field across the sample was varied in a step-
like fashion at intervals of =50 s for 500 s; this was done
manually for positive, zero, and negative values of the
electrical potential by a toggle switch. Intensity values
were acquired every 0.02s for 500s with the data-
collection software, (Vernier LabPro 2.2.1.); detector D1
measured the monitoring beam intensity (Z,,), D2 the in-
tensity polarized along the y' axis (I,’), and D3 the inten-
sity polarized along the z’ axis (I,'). These three intensity
values were plotted versus time with the software PSI-
Plot (Version 7). The optical transients manifest them-
selves as sharp and obvious changes in the two polarized
intensities each time the electric field across the BaTiO3
sample suddenly takes on a value that is different in mag-
nitude or direction from the previous one.

The CCD camera acquired images of the crystal’s sur-
face once per second for 500 s, while pictures of the trans-
mitted light’s intensity patterns on the screen were taken
manually approximately every 25 s for 500 s with a Sony
digital camera (DC) having the specifications XGA, 1024
X 768 pixels. The CCD camera was used to monitor
changes at the crystal’s surface, while the digital camera
was employed for capturing any change in the intensity
pattern of light when the external electric field was varied
across the sample. All the experimental data were ac-
quired and processed with a computer system (CS).

3. THEORETICAL MODELS

Each of the three types of time-resolved transients pre-
sented in Subsection 2.B will be the subject of a corre-
sponding theoretical model; this will be done in two parts.
Subsection 3.A will be devoted to finding the expressions
for the time-dependent electric potentials across the
sample in all three of the situations. In Subsection 3.B we
will concentrate on integrating the formulas for these po-
tentials with the electro-optic expressions for the modu-
lated light intensities transmitted through the crystal. In
doing that, we will be able to extract some room-
temperature quantitative information regarding the exci-
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Fig. 5. Schematic of the electric circuit; only the solid line rep-
resents real electric cable. The circuit comprises the following
elements: power supply (PS), toggle switch (TS), equivalent re-
sistance of wire circuit (R), BaTiO3 capacitor (C) with its internal
resistance (R.), and the equivalent resistance of the ambient me-
dium (R,).

tation, switching, and relaxation time constants for the
indices of refraction of BaTiOj from the time behavior of
those transmission intensities.

A. Voltage Models
The electric circuit containing the BaTiO3 sample can be
modeled in a general RC circuit as shown in Fig. 5. The
BaTiO3 sample with its electrodes acts as a capacitor of
capacitance C. R stands for the equivalent resistance of
the wire circuit, R¢ is the internal resistance of the ca-
pacitor, R, is the resistance of the ambient medium sur-
rounding the capacitor, and TS represents the electric
toggle switch. The two circuits in parallel with the capaci-
tor are represented by dotted lines because they do not
represent standard circuits in which charge conduction
occurs through an electrical conductor but rather circuits
through the two different media connecting the capaci-
tor’s plates. One of these media (between the plates) is
the actual ferroelectric in which some conduction occurs
because BaTiO3 is not a perfect dielectric; the other me-
dium is the ambient air. The decrease in the capacitor’s
charge @ through these two charge-loss media weakens
the voltage drop V across the capacitor. The charge leak-
age processes in the two media can be modeled as two
electrical circuits in parallel with the capacitor, each hav-
ing different resistances R and R,. It is realistic to as-
sume R,> R, because it takes much longer for the ca-
pacitor to discharge through the ambient air than
through the ferroelectric dielectric between its plates.}* 17
When a potential difference from the power supply V(¢)
is applied across the sample, the time-dependent voltage
V(t) across the capacitor can be deduced from the follow-
ing set of equations:

Ve@) +i(R =V(2), (1)
V V, d
i) - ;(t) B ;(t) _ g(t)’ @
C a ¢
Q(t)=CVc(), 3)

which lead to a nonhomogeneous linear differential equa-
tion for the capacitor’s voltage:
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— +—| =+ —+— |Ve=—2V. 4
v e c (4)

dve 1(1 1 1) 1
R R: R,

The general solution of this equation as a function of time
has the form

(t - to)
Velt) = Vc(to)exp[— N }
1 t

V(' (t_t,) de’
+RC . (t")exp| — . t (5)

with the time constant
C

re———————— (6)
1R+ 1/Rs+ 1R,

Here i(¢) is the instantaneous conduction current through
the wire circuit, and ¢y <t’'<t, with ¢; the moment when
the voltage of the power supply is changed. To obtain the
explicit solution of Eq. (4) we had to assume that the ca-
pacitance C is not dependent on the voltage V- across the
capacitor. This is a risky assumption considering that we
are actually dealing with a capacitor containing a nonlin-
ear dielectric. However, considering that assumption, our
solution [Eq. (5)] has the advantage of taking into account
the conduction of charge through the dielectric and the
ambient air, making it more general than the standard
solution for a time-invariant RC circuit found in the lit-
erature on electrical circuits.'® It is this solution that we
employ in modeling the three types of transients specified
in Section 1.

In the first type of transient, the voltage abruptly
changes from zero to a nonzero value, V(t)=0V to
V(t')=V (constant) for ty<t'<t. According to Eq. (5), the
voltage across the capacitor for this case takes the form

T (t-t,)
Veo(t) = %V 1- exp{— } . (7)

T

This formula describes the charging process of a real ca-
pacitor with a dielectric between its plates. For an ideal
capacitor, R,,R->R and

7=1,=RC, (8)

resulting in the well-known formula for capacitor charg-
ing that is derived in most textbooks,

|: (t - to) :|
Vo) =V 1-exp| - s (9)

Te

where 7, stands for the capacitor’s excitation time con-
stant.

For the second type of transient, the nonzero voltage of
the power supply is suddenly inverted (-V). Assuming
that the capacitor was fully charged by the time the volt-
age was reversed, Eq. (5) becomes

v, VA - 5) 10
c(t)——RC —2exp| - — , (10)

where t, represents the moment when the voltage of the
power supply was inverted.
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For an ideal capacitor Eq. (10) is approximated by

|: (t_to):|
Vo) =-V)1-2exp| - , (11)

Ts

with the switching time constant 7, having the same ap-
proximate form as 7, above.

The third transient observed in our experiment occurs
when the wire circuit is suddenly opened. Assuming that
the capacitor was fully charged (-V) before the circuit
was opened, the time evolution of the capacitor’s voltage
is expressed by

(t - to)
Vel(t) =~ Vexp| - —— |, (12)
T
with the genuine relaxation time constant
C
=" (13)
1/Rc+1/R,

and with ¢;, being the moment when the electric conduc-
tion through the wire circuit was interrupted. If we con-
sider that the voltage relaxation across the capacitor is
due mainly to the effect of charge leakage by conduction
through the dielectric material (R,> R(), then the follow-
ing approximations are justified:

r=71.=R.C, (14)

{ (t- to)}
Velt) = - Vexp| - , (15)

TT'
where 7, is the approximate relaxation time constant of
the crystal.

Assuming that the conduction through the capacitor is
predominantly of the ohmic type, we can relate the relax-
ation time constant 7. to the bulk resistivity p, and the di-
electric constant ¢, in the x direction of the BaTiOj crys-
tal by

Tr = Ps€x€0- (16)

The permittivity of free space has the value'® £,=8.85
X 10712 C2N-'m2, and the dielectric constant of BaTiO4
in the x direction (polar axis in z direction) is
£,=3600.20

B. Optical Model
In this second part of the theoretical treatment we will
derive the optical intensity transients by integrating the
electrical transients derived above with the quadratic
electro-optic (Kerr) effect. The reason that the first-order
electro-optic (Pockels) effect does not play any role in this
experiment was explained in our previous paper.1 A sche-
matic of the intensity modulation process is shown in Fig.
1. Below are the consecutive physical steps through the
optical system and their corresponding equations.

After exiting the 45° polarizer the amplitudes of the
two orthogonal polarizations become equal and are given
by
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Ay0=A20=AO' (17)

After passing through the BaTiOj3 sample, the two trans-
mitted amplitudes are

A, =Ajexp(id,), (18)
Az =AO eXp(L d’z) ) (19)
with
27
¢y = T(ny - l)lxy (20)
2
¢z = T(nz - 1)lx: (21)

being the extra phases acquired after the transmission of
light with wavelength N\ through the bulk of the crystal
and [, is the length of the crystal in the direction of the
normally incident light (x direction). The n, and n, are the
indices of refraction corresponding to the y and z polariza-
tions and are related to the electric field applied across
the sample in the x direction (E;) by the quadratic electro-
optical formulas

1 1 )

F=F+R12El , (22)
y o
1 1 )

F=E+R13El . (23)

Since the changes in the indices of refraction due to the
Kerr effect are very small for BaTiOj
(An=1073, 10‘4),22_25 it is convenient and appropriate to
replace the two exact formulas above with two simpler,
though approximate, formulas:

3

n, 9
y no— ? R12E1 ) (24)

S
IR

n 3
n,— ? R13E12. (25)

I

n,

For BaTiOg, which is a negative uniaxial crystal in the te-
tragonal state, n,=2.413 and n,=2.361 at A=632.8 nm.?*
The R;5=-3.5+0.3xX10"1"m?/V2 and R;3=-8.0+0.7
X107 m2/V? are the Kerr electro-optic coefficients,
which were experimentally determined in our previous
paper, and they are labeled according to Nye’s suffix
abbreviation:*  (11) —1; (22) —2; (33) — 3; (23), (32) —4;
(13), (31)—5; (12), (21)— 6. In that paper,! in order to ob-
tain the values for each of the two Kerr coefficients indi-
vidually and with high precision, the phenomenon of elec-
trostriction and the net effect of multiple reflections were
taken into account in the set of equations describing the
amplitude modulation; absorption was neglected.28 In
this paper we will derive the set of amplitude modulation
equations by following the conventional approach
throughout the optical modulation literature, which is to
tacitly ignore all three of the phenomena mentioned
above. This neglect is well justified here, because none of
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those three phenomena has any important effect on the
general theoretical description of the behavior of the
modulated relative intensities of light.

After passing through the Wollaston prism, which is ro-
tated counterclockwise by 6=15° in the plane normal to
the incident direction of light, the orthogonally polarized
amplitudes have the final form

Ay’ =A, cos(0) —A, sin(6), (26)
A=A, sin(d) + A, cos(6). (27)
By multiplying the above amplitudes with their complex

conjugates, we obtain the following expressions for their
corresponding modulated absolute intensities:

1, =Iy[1 - sin(26)cos(A )], (28)
I’ =I,[1+sin(26)cos(Ad)]. (29)
Here
In=A7, (30)
and
2
Agp= T(nz —ny)l, (31)

is the phase difference between the two orthogonal polar-
izations. For virgin crystal, this phase difference has the
form

2
A¢0 = T(ne - no)le’ (32)

and the corresponding modulated absolute intensities are

L' =1o[1-sin(26)cos(Ady)], (33)

Ly =1y[1 + sin(26)cos(A )], (34)

where [, =1 mm and has been provided by the
manufacturer.?? The relation between [, and [, is given
by

lx = le(l + Sx), (35)

where s,=0.10+0.05% is the electrostrictive strain for an
unclamped, (100) single crystal of BaTiO3, subject to elec-
tric fields between 1x10° V/m and 7x10° V/m. The
value of the electrostrictive strain was obtained from a
previous graph of strain versus electric field (at no exter-
nal stress) obtained by Burcsu and co-workers®®?! for the
same type of BaTiOjs crystal as ours, having the same
specifications and even purchased from the same
company.29 The phenomenon of electrostriction is ne-
glected in this paper, so

1.=1,. (36)

Taking this approximation into consideration, the electric
field across the sample as a function of time will be con-
sidered to be
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Vel(?)
E,(t) = . (37)
le

For V¢ (t) we will use the expressions given by Egs. (9),
(11), and (15) throughout this paper.

Finally, we get the equations for the modulated relative
intensities:

Lo Ile 1 - sin(26)cos(A¢) (38)

yr IyO/ 1 - sin(26)cos(Ady)

I 1+sin(26)cos(A¢)
I, = = - . (39)
L, 1+sin(26)cos(Ady)

4

It is this set of equations that we will use to model the
time evolution of our modulated intensities for the three
types of transient behavior described in Section 1. By
curve-fitting these equations with the optical experimen-
tal data presented in Figs. 2 and 3, we will be able to ex-
tract the value of the excitation time constant 7, associ-
ated with the first type of transient, the switching time
constant 7,, associated with the second type, and the
value of the relaxation time constant 7, corresponding to
the third type of transient. From 7, we will be able to de-
duce the electrical resistivity p, (at room temperature) of
the bulk BaTiO3 sample by using Eq. (16).

4.0
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o I
35t z
—fit
N
A 3.0¢F
251
2.0 . . . L .
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361
w32
N

28

24r1
20 . . . ) .
39.45 39.55 39.65 39.75 39.85 39.95
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Fig. 6. Plot of the curve-fitted intensities corresponding to the
excitation transients when the applied electric field had just been
changed from (a) 0 V/mm to +400 V/mm during the first experi-
mental trial and (b) 0 V/mm to —400 V/mm during the second
experimental trial. The interval between the plotted graph val-
ues is of ten data points for each case.
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Fig. 7. Plot of the curve-fitted intensities corresponding to the
switching transients when the applied electric field had just been
changed from (a) +200 V/mm to —-200 V/mm during the first ex-
perimental trial, (b) —400 V/mm to +400 V/mm during the sec-
ond experimental trial. The interval between the plotted graph
values is of twenty data points for the first experimental trial
and ten data points for the second experimental trial. The gap
between the extreme values of the experimental data curves and
those of the corresponding fitted curves is due to dielectric ab-
sorption, a form of switching inertia common to all bulk crystal
dielectrics.

4. DISCUSSION

In Figs. 6-9 we show the intensity-versus-time experi-
mental and fitted curves corresponding to the transition
regimes generated at the moment time when the applied
electric field changes to new values. The curve fitting was
done with PSI-Plot (Version 7). The extracted time con-
stants for the excitation (7,), switching (7,), and relax-
ation (7,) corresponding to the time transient processes in
the light intensities, and indirectly in the refractive indi-
ces, are posted in Tables 1 and 2 for different applied elec-
tric fields. By using Eq. (16), we were able to deduce the
electrical resistivity of our piece of bulk single crystal
BaTiO3, which is also dependent on the electric field
across the sample as shown in our table. According to Eq.
(16), the variation of p, with E is mainly a consequence of
the actual nonlinear dependence of ¢, with Ey; this is a
basic characteristic of ferroelectrics. Also, considering
that we are dealing with a nonlinear dielectric, it is very
probable that the electrical resistivity, like most of the
other physical parameters, might in itself have a certain
dependence on the externally applied electrical stress.
Our deduced values for the room-temperature resis-
tivity of single-crystal tetragonal BaTiOz are almost
five times the values determined by Boyeaux and
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Fig. 8. Plot of the curve-fitted intensities corresponding to the
relaxation transients when the electric circuit was opened after
having the BaTiOj crystal under a constant (a) -400 V/mm dur-
ing the first experimental trial and (b) +400 V/mm during the
second experimental trial. The interval between the plotted
graph values is of ten data points for each case.
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Fig. 9. Same as Fig. 8 but for a constant (a) —200 V/mm during
the first experimental trial and (b) +200 V/mm during the sec-
ond experimental trial. The interval between the plotted graph
values is often data points for each case.
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Michael-Calendini®? and by Gilbert et al. ,3 who used an
electrical method based on the measurement of the drift
mobility of the charge carriers. There could be many rea-
sons for the discrepancy between their values and ours,
the main one of which is that the resistivity of ferroelec-
trics depends very sensitively on the number and type of
impurities in the crystal; unfortunately, the stoichiometry
of our crystals was not provided by the seller. Another
reason might merely be that Eq. (16) is a formula that
properly applies only to linear dielectrics; for nonlinear
dielectrics, this formula should provide a good approxima-
tion only at very low electric fields. A last reason could be
the appearance in bulk single crystal ferroelectrics of
space charge regions and surface charge layers that alter
the charge conduction processes in these
materials, 141734736

The two intensity-versus-time graphs also reveal two
new and interesting phenomena, which we will qualita-
tively describe and explain. One phenomenon is the dis-
crepancy between the intensity values of light, for both
polarizations, when the applied electric field is inverted
from +600 V/mm to —600 V/mm and vice versa. The
other is the abrupt, steplike change in the light intensity
for the two polarizations at a point during the relaxation
phase of the crystal.

Table 1. Magnitudes of the Time Constants for the
Three Types of Transients and the Deduced Values
of the Bulk Electrical Conductivity of Tetragonal
BaTiOj;: Experimental Trial 1

E, (V/mm) 7(s) p (10° Om)
Excitation NA
process 7,
0 to +400 0.25+0.02
Switching
process A
+200 to —200 1.3+0.4
Relaxation
process T p, (107 Qm)
-400 to 0 72+5 2.2+0.2
-200 to 0 59+5 1.8+0.2

Table 2. Magnitudes of the Time Constants for the
Three Types of Transients and the Deduced Values
of the Bulk Electrical Conductivity of Tetragonal
BaTiO;: Experimental Trial 2

E, (V/mm) 7(s) p (10° Om)
Excitation NA
process A
0 to —400 0.20+0.05
Switching
Process T,
-400 to +400 0.6+0.1
Relaxation
process T pe (10° Qm)
+400 to 0 68+5 2.1+£0.2
+200 to 0 56+2 1.7+£0.2
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©

Fig. 10. Pictures of BaTiO; crystal’s surface taken with the
CCD camera during the first experimental trial; presented in
chronological order are the crystal’s images at (a) +600 V/mm,
(b) =600 V/mm, and (c) the first few seconds after the electrical
circuit was opened.

Some striking changes at the surface of the sample due
to polysynthetic twinning37 were detected by the CCD
camera when the voltage was inverted from plus to minus
600 V/mm (see Figs. 10 and 11). These variations in the
surface morphology of the crystal led to a more diffuse
light transmission, especially for the light polarized in the
z' direction; this was confirmed by the pictures of the
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light’s spatial distribution on the screen taken with the
digital camera (S and DC, respectively, in Fig. 4) (see
Figs. 12 and 13). The diffuse scattering had the negative
effect of reducing the amount of light entering the two de-
tectors, thus decreasing the measured values of the light
intensity. We suspect that the reason for the twinning at
—600 V/mm and not at +600 V/mm is that our BaTiO;
crystal had accumulated some bias residual polarization

©

Fig. 11. Same as Fig. 10 but for the second experimental trial
with images at (a) +600 V/mm, (b) =600 V/mm, and (c) the first
few seconds after the electrical circuit was opened.
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(@)
-

(b)
>

(c)
Fig. 12. Images (in negative) of the two polarized light distribu-
tions on the screen taken with the digital camera during the first
experimental trial. Presented in chronological order are the pair
of light spots at (a) +600 V/mm, (b) —600 V/mm, and (c) the first
few seconds after the electrical circuit was opened.

in the negative direction of the electric field. This twin-
ning phenomenon could also provide a qualitative expla-
nation for the odd behavior of the light intensity when the
electric circuit is suddenly opened after the sample has
been kept under a —600 V electrical potential for some
time. As soon as the applied —600 V potential is canceled
by the opening of the electric circuit, two phenomena oc-
cur simultaneously. The first one corresponds to the elas-
tic property‘o’g’39 of the crystal’s surface morphology to re-
turn to its initial shape once the electrical stress has been
removed. This causes the short-term behavior of the
transmitted light intensity, which acts as if the BaTiO3
sample were under a +600-V/mm applied electric field.
The second phenomenon is caused by the relaxation of the

M. Melnichuk and L. T. Wood

(a)

(b)

vier

(©
Fig. 13. Same as Fig. 12 but for the second experimental trial

with the pair of light spots at (a) +600 V/mm, (b) —-600 V/mm, (c)
first few seconds after the electrical circuit was opened.
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Fig. 14. Magnified picture of the discontinuous intensity re-
gions in Fig. 8(b). This steplike behavior in the intensity patterns
is considered by the authors to be an optical analog of the ferro-
electric Barkhausen effect.
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indices of refraction back to their original values; in this
paper, this has already been classified as a third type of
transient. Eventually, the latter phenomenon begins to
dominate the former, and after awhile the two intensities
start to relax back to their original values corresponding
to the initially undisturbed ferroelectric crystal; this
trend in the two polarized intensities was better captured
during the second experimental trial.

In Fig. 14 we show a magnified picture of the jumplike
changes in the two polarized intensities a period of time
after the electric circuit is opened. The monitoring inten-
sity during that period of time indicates that those polar-
ized intensity variations are not caused by some tempo-
rary alteration in the incident intensity of the laser.
Furthermore, the fact that the I,’ intensity decreases
while simultaneously the Iy’ intensity increases is a clear
indication that the steplike changes in these intensities
are not related to some unexpected absorption in the
sample; absorption would have caused both intensities to
decrease at the same time. The only cause for these inten-
sity jumps is the sudden change in the real part of the re-
fractive indices of BaTiOg during this time. By analyzing
this time variation of the optical indices, one might be
able to extract some information about the domain kine-
matics in the ferroelectric crystal. Because of the jump-
like time evolution of the above effect, we are inclined to
classify this phenomenon as the optical analog of the
ferroelectric Barkhausen effect.04

5. CONCLUSION

When subjected to an externally applied electric voltage,
a ferroelectric sample of bulk BaTiO3 changes its indices
of refraction as a result of the electro-optic effect. When
probed with laser light, these changes in the refractive in-
dices cause variations in the transmitted intensities of
light beams that are polarized in the directions corre-
sponding to each of the indices. When the electric field
across the crystal abruptly changes in either value or di-
rection, the intensity of the transmitted light behaves in
ways that we labeled as optical transients, by analogy
with the electrical transients known in electrical circuit
literature. By modeling and analyzing the intensity of
light in the transient regimes, we were able to obtain
some quantitative information regarding the time con-
stants of these optical transients in the particular case of
a (100) BaTiOj single crystal at room temperature. In one
case, however, we detected some interesting steplike
changes in the light intensities during the crystal’s relax-
ation process; for lack of any previous evidence in the sci-
entific literature, we ventured to consider them some
form of optical analog of the known ferroelectric
Barkhausen effect. We also deduced some values for the
electrical resistivity of our BaTiOg bulk sample for differ-
ent applied voltages; these were calculated by using only
optical data as experimental input. Although our values
for resistivity proved to be approximately five times
larger than values previously measured by Boyeaux and
Michael-Calendini®* and by Gilbert et al.,*® who used an
electrical method, we feel confident that if our sample had
been characterized by the same physical parameters (sto-
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ichiometry, thickness) as theirs, then the discrepancy be-
tween their values and ours would have been much
smaller.

We have shown previously® that our optical method can
be applied successfully not only to BaTiOg but also to 18
out of 20 noncentrosymmetric crystal classes in which
both first-order (Pockels) and second-order (Kerr) electro-
optic effects coexist; this gives it a very wide area of ap-
plication in crystal optics. The generality of this method
can make it very useful in the fields of solid-state physics
where the dynamics of symmetry transitions in crystals is
a subject of research, because it can supplement the on-
going theoretical effort with an in situ experimental
method.
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Fraunhofer diffraction to determine the twin angle

in single-crystal BaTiO,

Mike Melnichuk and Lowell T. Wood

We present a new method for determining the electrically induced twin angle « of a (100) bulk single
crystal of barium titanate (BaTiO;) using a nondestructive optical technique based on Fraunhofer
diffraction. The technique required two steps that were performed simultaneously. First, we analyzed

the diffracted light intensity captured with a line camera.
ing element by analyzing images of the crystal’s surface taken with a CCD camera.

Second, we measured the size of the diffract-
The value obtained

for the twin angle is 0.67° = 0.05°, which compares favorably with the theoretical value of 0.63°.

© 2003 Optical Society of America
050.0050, 160.0160, 120.0120, 050.1960, 120.5820, 160.2260.

OCIS codes:

1. Introduction

When an electric field is applied along the z direction of a
(100) tetragonal sample of a barium titanate (BaTiOs)
bulk crystal, 90°type ferroelectric domains (polysyn-
thetic twins?!) start to appear. The presence of these
twins causes a detectable change in the surface morphol-
ogy of the crystal at the 90° domain boundaries as can be
seen in Fig. 1(a). The angle between the polar axes of
two adjacent domains is equal to 90° — o, where « is the
twin angle and is given by

tan(902_a) = %. (1)

See Fig. 1(b).

For barium titanate in the tetragonal phase, the
unit cell values a = 3.992 A and ¢ = 4.036 A give the
ratioa/c = 0.989.2 Use of Eq. (1) leads to a theoret-
ical value of 0.63° for «. The magnitude determina-
tion of the twin angle of several perovskites has been
done before, and to our knowledge, in all previous
experiments at least one of the following four major
microscopy techniques was used: atomic force
microscopy,>8 kelvin force microscopy,” scanning
force microscopy,?-1° or piezoelectric (piezoresponse)
force microscopy.10-11
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In this paper we present a new technique for de-
termining the angle a using light scattering instead
of microscopy. Here the twin angle is deduced from
the intensity distribution of laser light scattered from
one of the morphologically deformed faces of a tet-
ragonal (100) single crystal of BaTiO5 when a strong
electric field of 600 V/mm is applied across the sam-
ple in the z direction.

2. Theory

To understand laser-light scattering from the sample, the
electrically induced surface shape of a BaTiO; sample
can be modeled as a quasi-periodic diffraction grating
with the diffraction element having the form shown in
Fig. 2. The normalized intensity distribution I as a
function of the scattered angle 6 for this type of grating
having N periodic elements can be written as

1(0) = 1,F(6)S(0), (2)
where
F(0) = A*{sinc[®4(0)]}* + C¥sinc[P(0)]}?
+ 2AC cos[®(0)], (3)
[ sin[N®(®)] )
5(0) = [N sin[(l)(e)]] ’ @
D(0) = Dy(0) + Do(0), (5)
Dy(0) = % [sin(0) — sin(6,)], (6)
wC . )
Dp(0) = ——— [sin(0 — o) — sin(B, + «)]. (7)
\ cos(a)
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Fig. 1. Tllustration of the electrically induced twin angle « in a
(100) single crystal of BaTiO5 when the electric field E is applied in
the z direction. (a) A greatly exaggerated schematic in the x—z
plane of the lattice matching at the 90° domain boundaries. (b) A
magnified view of the twinned tetragonal unit cell; the tetragonal-
ity is also greatly exaggerated.

Here, I,, is the intensity normalizing factor; F(6) is the
intensity form factor; S(6) is the intensity structure
factor; ®(0) is one half of the total phase difference
between two adjacent diffraction elements; ®,(6) and
®(0) are the phase differences generated by the A
and C regions of the diffraction element, respectively;
0, is the specular reflection angle; \ is the laser wave-
length; and « is the twin angle.

- Fraunhofer-diffracted
light

Incident
light

I
Surface of | o
the twinned | e
BaTiOs3 i i
sample ! A -cC |
! Diffraction 1
element

Fig. 2. Schematic of the theoretical model for the diffraction grat-
ing formed by the twinned surface of the BaTiO5 sample.
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Fig. 3. Sketch illustrating the relationship between the position x
of the diffraction maxima on the detector screen and the corre-
sponding angle 6 of the scattered beam. 6, and x, stand for the
angle and the position, respectively, of the specularly reflected
beam.

Because the angle 6 cannot be measured directly, a
more appropriate variable for the intensity function
[Eq. (2)] would be the position x on the detector’s
screen. Figure 3 shows that this new variable (x) is
related to the old variable (6) by the expression

x*xo_&
R R’

tan(f, — 0) = (8)

where x, is the position of the specularly reflected
beam when an electric field E = 0 V/mm was applied
to the sample, and R is the distance between the
detector and the sample.

In determining the angle o, we made use of the
following three equations:

tan(8, — 6;) = 1 9)
an(v, 1) = R’
A
tan(, — 0,) = %, (10)
(1)(62) - ‘I’(91) =m, (11)

where x,, x4, x5, 01, and 8, are defined in Fig. 3.

Equations (9) and (10) relate the absolute values of
the distances between the intensity peak of the spec-
ular beam (£ = 0 V/mm) and the two principal ad-
jacent maxima of the diffracted light (£ = 600
V/mm). Equation (11) is derived by consecutively
applying the condition for diffraction maxima to the
zeroth- and first-order intensity peaks and then sub-
tracting one from the other. By simultaneously
solving Eqgs. (9)—(11) we obtain an exact expression
for the twin angle a given by



(A + C){

R sin(0,) — (Axy)cos(0,) B R sin(0,) — (Ax)cos(0,) N
[R? + (Axy)?]"?

[R* + (Axy)*]"*

(12)

R cos(0y) + (Axy)sin(0,) 3 R cos(0,) + (Ax;)sin(0,)

tan(a) = [

(R + ()]

[R* + (Axy)*]"” ]

3. Experiment

The optical technique used in this experiment is
based on the general idea that a laser beam scatter-
ing off a crystal reveals quantitative information
about the sample’s surface morphology without dam-
aging it, and, in this way, the technique resembles
one used previously by Klemradt et al.'2 The con-
figuration of the experiment is shown schematically
in Fig. 4.

The sample used was a 5 mm X 5 mm X 1 mm,
one-face-polished, (100)-oriented, single crystal of
barium titanate (BaTiO;). For calibration purposes,
a small ruler with a 0.5-mm resolution scale was
glued to the base of the sample facing the CCD cam-
era. Two gold electrodes, having a 200-A thickness
and a 3-mm diameter, were deposited by sputtering
onto the 5 mm X 5 mm surfaces of the sample. A
pair of thin gold wires was permanently attached to
these electrodes by colloidal silver paste. The loose
ends of the gold wires were connected to a high-
voltage power supply. The polished side of the crys-
tal was illuminated simultaneously by two sources of
light. One source was an incandescent lamp that
illuminated the surface of the sample to make it vis-
ible to the CCD camera (BASLER A101p, 1300 hor-
izontal X 1030 vertical pixels, pixel size 6.7 pm X 6.7
pm), which provided a clear, real-time image of the
sample’s face. The other light source was a 0.5-mW
He—-Ne laser (wavelength of 632.8 nm) with a beam
diameter of 0.48 mm at the 1/e? points. After un-

BaTiOs

Golden sample
E thin wire
1
e Reference
c 7 _\scale
r L\ AN
i Lamp
¢ .
a .
1 ccp LASER
¢ o [
a
b Power
1 Computer 1 Computer 2 supply
e |

Fig. 4. Schematic of the experimental setup. LC, line camera.

dergoing diffraction from the sample, the light was
collected by a line camera detector (Thorlabs Model
LC1, 3000 pixels, 7-pm pitch). This low-power laser
was used because the intensity was sufficient for the
diffraction measurements, and it did not produce
changes in the sample temperature. All measure-
ments were taken at a temperature of 23.5 °C.

Data were collected in the following way. The line
camera’s output of the diffracted intensity distribu-
tion and the CCD camera’s image of the sample’s
surface were simultaneously monitored in real time
on two computer screens, while the voltage across the
sample was manually varied. When the diffracted
intensity pattern changed, the image of the crystal’s
surface and the corresponding intensity distribution
were recorded, along with the value of the applied
voltage. The voltage was changed in steps of 100 V
from 0 V to 600 V to 0 V to —600 V and back to 0 V.
This process was repeated three times. Normally,
the electrically induced twins form randomly across
the sample’s surface. To avoid having to use a sta-
tistical averaging process over the domain sizes, we
selected a region where only two twins having almost
identical widths (to four-digit precision according to
the image analysis software) were illuminated by the
laser beam. The modeling can then be easily carried
out by setting N = 2in Eq. (4). For the general case
in which the twins are randomly distributed, the dif-
fracted intensity distribution can be modeled because
the dimensions can be determined from the CCD im-
ages. However, the analysis becomes harder, mak-
ing the determination of a more complicated.

Image processing of the sample pictures was done
with the free, online download software Scion Im-
age,!3 as can be seen in Fig. 5. This processing con-
sisted of four main steps and was done to determine
the widths A and C, respectively, of the (100)- and
(001)-type ferroelectric domains (twins). The first
step was a pixel-by-pixel subtraction of the initial
(0-V/mm) image from the final image (600 V/mm) to
reveal the morphological differences between the two
pictures. The second step smoothed this difference
to minimize the interference with the morphological
noise at the sample’s surface. The third step was a
line profile across the image of domains present on
the crystal’s surface to accentuate the boundaries of
the twins. The last step determined the A and C
dimensions of the domains with high precision by
first reading them in pixels and then converting them
to millimeters with the help of the scale attached at
the bottom of the sample. The distance R between
the line camera detector and the sample was mea-
sured with a digital display Vernier caliper.
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Fig. 5. Images of the surface of the BaTiO,; sample taken with the
CCD camera. (a) Sample picture when E = 0 V/mm. (b) Sample
picture when E = 600 V/mm. (c) Sample image after optical process-
ing with Scion Image. The two thin (001) twins are located just at the
left and right edges of the dark vertical band that runs through the
center and constitutes a steplike portion of the main (100) crystal.

Images from the line camera were imported into a
scientific analysis program for conversion into inten-
sity versus position plots. From these plots, we de-
termined the absolute magnitudes of Ax; and Ax, by
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Table 1. Values of Physical Quantities Used in this Paper

Physical

Quantity Value
N 2
A 0.6328 pm
a 3.992 A
¢ 4.036 A
A 0.1583 mm
(6] 0.0333 mm
0o 45°
X 0.0000 mm
X1 0.0524 mm
Xy —0.4613 mm
R 110 * 0.014 mm

first reading them directly in pixels and then trans-
forming them into millimeters using the conversion
scale of the graphs. A mathematical software pro-
gram was used to simulate the theoretical diffracted
intensity I as a function of position x. The data ob-
tained here were plotted for convenient comparison of
the theoretical plot to the two experimental ones.
Finally, after all the necessary values were measured
and determined, the value of the angle o was calcu-
lated with Eq. (12).

4. Results and Discussion

Table 1 shows the values of all the physical quantities
given, determined, or measured in this experiment.
Figure 6 shows a comparison between the normalized
diffracted intensity as a function of position x for the
E = 0 V/mm experimental curve and for the exper-
imental and theoretical curves at E = 600 V/mm.
The reduction in the higher-order intensity maxima
for the experimental curve as compared with the the-
oretical curve is mainly due to the fact that the inci-
dent laser beam used in the experiment had a
Gaussian intensity profile, whereas the theoretical

10 [ _
r «» E=0 V/mm
i —— E=600 V/mm
0.8 j - - Theoretical
06 [
1 | B
04 P
SENAY
02 [ T
i :'.“ ] ‘,. ;.
0.0 PO 4'1"‘ AN
“-1.5 -1.0 -05 00 05 10 15

X (mm)

Fig. 6. Plots showing the normalized intensities I versus the
position x in different situations specified in the graph’s legend.



curve was calculated with a plane wave. The effect
of this uneven illumination of the crystal’s surface is
that the electric fields that superpose to create the
diffraction do not have the same amplitude. This, in
turn, generates incomplete constructive and destruc-
tive interference, thereby substantially reducing the
contrast in the pattern. This becomes more pro-
nounced in the higher orders, as can be seen in Fig. 6.
However, the intensity level of the secondary diffrac-
tion peaks was not crucial in determining «; the im-
portant information needed from the experimental 1
versus x was the two distances, Ax; and Ax,, between
the origin and the two main consecutive diffraction
peaks.

By substituting the values from Table 1 into Eq.
(12), we obtained a value for o of 0.67° = 0.05°. Al-
though A, C, Ax,, and Ax, appear in Eq. (12), each is
determined from an image analysis program and
shows no variation to four significant figures, so their
contribution to the uncertainty is negligible. The
largest contribution to the uncertainty in « arises
from the denominator in Eq. (12) for the following
reason. Because R is at least 3 orders of magnitude
larger that any other length parameter, the two
terms in the denominator are almost equal. As a
result, the denominator becomes small, thereby mak-
ing a quite sensitive to small uncertaintiesin R. We
determined the uncertainty in « by substituting the
two extreme values of R determined from its uncer-
tainty. Although reducing the uncertainty in R
would yield a more precise result for «, it is not clear
that a more precise measurement of R can be made
with our experimental arrangement.

An important point concerning this experiment,
however, is the small percentage difference (6.3%)
between the experimental and the theoretical values
of a. This difference indicates that this simple opti-
cal technique is as good a candidate as any of the
microscopic techniques, mentioned in Section 1, for
determining the twin angle of a BaTiO5 sample.

5. Conclusion

We have measured the twin angle a in BaTiOg, with
a 6.3% difference between the experimental and the-
oretical values, using an optical technique based on
Fraunhofer diffraction. A (100), bulk, single crystal
of barium titanate with dimensions of 5 mm X 5
mm X 1 mm was used as the sample. The twinning
was electrically induced, and the detectors were a
CCD camera for crystal pictures and a line camera for
intensity distribution. Two major advantages of
this nondestructive method are low cost and simplic-
ity. This technique can also be advantageous for
studying time-resolved formation and evolution of

ferroelectric domains. It may also be possible that
ferroelectric crystals, such as BaTiO3, might find ex-
tra applications in the manufacturing of electrically
tuned blazed diffraction gratings used in other re-
search fields such as astrophysics, spectroscopy, and
x-ray scattering.

The authors acknowledge support from the Texas
Higher Education Coordinating Board Advanced Re-
search Program. We also thank C. L. Chen and
X. H. Chen for depositing the gold electrodes on the
sample.
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We report a method for measuring the off-diagonal coefficients of the quadratic electro-optic (Kerr) tensor by
using polarized light transmission. The method relies on designing an experimental configuration in which
the linear electro-optic (Pockels) effect does not contribute to the data. Our method can be used to obtain
off-diagonal Kerr coefficients for all but two of the 20 crystal point groups for which the Pockels effect and the
Kerr effect coexist. Our theoretical model includes effects from transmission, multiple reflections, and elec-
trostriction but neglects absorption in the crystal. To verify the method, we used it to measure the R ;5 and
R 3 Kerr coefficients for a (100)-type single crystal of ferroelectric barium titanate (BaTiO3) at room tempera-
ture (23.5°). To our knowledge, this is the first time this method has been used and the first time these co-
efficients have been measured for the unclamped crystal in the tetragonal state. The mean values obtained
with this method are R15 = —3.5 + 0.3 X 10 "m?V2and R;3 = —8.0 = 0.7 X 10 " m?/ V2. © 2005 Optical
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1. INTRODUCTION

Electro-optic effects belong to the larger class of nonlinear
optics phenomena.! In nonlinear optics, the coefficients
are either calculated from a microscopic theory or experi-
mentally determined.? Because a coherent microscopic
theory of ferroelectrics is lacking, and the only one avail-
able at present is a phenomenological (free-energy)
theory,®!8 the only way to gain extra information about
some of the electro-optic coefficients is to determine them
experimentally.

The electro-optic effect is the change of the index ellip-
soid of a crystal with the application of an electric field.
For crystals with inversion symmetry (12 point groups),
the linear electro-optic (Pockels) effect does not exist; the
quadratic electro-optic (Kerr) effect is the dominant one.
In crystals lacking inversion symmetry (noncentrosym-
metric crystals), both the linear and the quadratic effects
are simultaneously possible, with the Pockels effect being
the dominant one. If one designs an experiment config-
ured in such a way that the individual products r;E;
= 0 with 7, j = 1, 2, 3, then the Pockels effect does not
contribute to the results, and the Kerr effect provides the
primary contribution to the data. In that case the r;; are
the first-order electro-optic coefficients, and the E; are the
components of the externally applied electric field. The
Kerr coefficients can be extracted by use of the theory pre-
sented in Section 2.

To test our method, we measured the R, and R3 Kerr
coefficients for barium titanate in the tetragonal state,
where both the Pockels effect and the Kerr effect are
present. At temperatures above 120 °C (Curie tempera-
ture), barium titanate is in the paraelectric state, which is
cubic with point group symmetry m3m. The quadratic
electro-optic effect, which is the main one for this phase,

1084-7529/2005/020377-08$15.00

induces changes in the refractive index'®~22 of the order of
1074-103.

Between —5°C and 120 °C, BaTiOs is in the ferroelec-
tric state, which is tetragonal with point group symmetry
4mm; in this phase the inversion symmetry vanishes ow-
ing to the appearance of a spontaneous polarization. The
linear electro-optic effect, which is the dominant one now,
is, in fact, a particular case of a quadratic electro-optic ef-
fect biased by the spontaneous polarization? P, .

The difference between the primary diagonal and pri-
mary off-diagonal quadratic electro-optic coefficients has
been measured before for BaTiO;5; but to the authors’
knowledge, this has been done only in the paraelectric,
cubic (m3m) state. Recent scientific literature®*28 con-
cerning linear combinations or individual measured val-
ues of any of the Kerr coefficients for barium titanate
shows nothing for the ferroelectric, tetragonal (4mm)
state. In fact, there are few, if any, values reported for
off-diagonal coefficients in any of the noncentrosymmetric
crystals.26-28

We present an optical technique for measuring off-
diagonal Kerr coefficients in all but two of the 20 noncen-
trosymmetric crystal point groups (triclinic 1 and the
trigonal 3). We apply the method to measure Ry and
R 3, for ferroelectric BaTiO; at room temperature (T
= 23.5°C) and wavelength \ = 632.8 nm.

2. THEORY

This section is divided into two parts. In the first part we
demonstrate how contributions from the Pockels effect
were avoided. In the second part we deduce the system
of nonlinear equations from which the off-diagonal Kerr
coefficients are extracted numerically from the experi-
mental data.

© 2005 Optical Society of America



378 dJ. Opt. Soc. Am. A/Vol. 22, No. 2/February 2005

For the most general case (a biaxial crystal), the equa-
tion of the initial index ellipsoid (initial indicatrix) at a
zero electric field is given by

—+=+—==1 1)

With the application of an external electric field
E:E1§+E2§7+E32, (2)

the equation of the new index ellipsoid, in the same
(x, y, z)-coordinate system, takes the new form

(see Fig. 1). There always exists a principal system of
Cartesian axes (x”, y”, z") in which Eq. (3) can be written
in the canonical form

x//Z y//Z 2/12

— + — + — =1 (4)
n?  nfr nf?
The intersection of this new indicatrix with the yz, xz,
and xy planes gives three new ellipses, which are rotated
with respect to the initial ellipses in these planes, with ro-
tation angles w4, ws, and wg, respectively. These angles
are calculated from the formulas

2r4jE'
tan(2wy) = ————, (5)
(1/n4?%) — (1/n}?)
2r5jE»
tan(2w;) = ————, (6)
(Un}?) = (Unj?)
2r6jE'
tan(2wg) = (7

(1Un}2) — (Un}®)’

with 0° < |wy|, |ws|, |wg] =< 45°, and assuming only the
first-order electro-optic effect. To change from tensor to
matrix notation, in Eqgs. (5)—(7), we used Nye’s suffix
abbreviation??:

(1) —1; (22) - 2;  (33) = 3;

(23), (32) — 4; (13), (31) — 5;

(12), (21) — 6.

With this notation, the Pockels and Kerr expressions con-
necting the new refractive indexes (n'), the initial ones
(n), and the three components (E, E,, E3) of the applied
electric field in the (x, y, z) system of coordinates can be
explicitly written as

1 1

5 = 5 T ikt RignEEy, (8)

1 12
with 1/ny = 1/ns = 1/ng=0; j, k, 1 = 1, 2, 3; i, (k)
=1, 2,..,6. The r;; and R;y;, are the linear and the
quadratic electro-optic tensor’s components, respectively,
and (k[) follows Nye’s notation. Both the Pockels and
Kerr coefficients are dependent on the dielectric constants
of the material, which in turn are functions of tempera-
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ture and applied electric fields. Moreover, the Kerr
fourth-order tensor is symmetric (R,, = R with p, q
=1, 2,..6).

To calculate how the indexes of refraction in the initial
(x, y, z) coordinate system change with the application of
the electric field, one intersects the new indicatrix with
the Ox, Oy, or Oz axes to obtain

qp >

1 1
_’2: _2 + rlej+R1(kl)EkEl, (9)
ny ni

1 1
—’2 = —2 + rszj + RZ(kZ)EkEla (10)
ny ny

1 1
_,2 = _2 + r3JEJ + RS(kl)EkEl' (11)
U] ng

In Egs. (9)—(11), note that if the individual products
riE; = 0 with i, j = 1, 2, 3, then the linear electro-optic
effect will have no effect on the magnitude of the new re-
fractive indexes corresponding to the initial x, y, and z di-
rections. Geometrically, the above statement has a
simple but very interesting formulation. If higher-order
electro-optic effects are not considered, then every time
rijf; =0 fori,j =1, 2, 3, the newly generated index el-
lipsoid will acquire a shape and direction such that its in-
tersection points with the original (x, y, z) Cartesian sys-
tem of coordinates will always coincide with the
intersection points that the original index ellipsoid makes
with that same coordinate system; these intersection
points are invariant to the coordinate transformation. A
physical interpretation of the above statement is that any
polarized light wave passing at normal incidence through
any crystal in which the components of the applied elec-
tric field satisfy the condition r;E; = 0 for 7, j = 1, 2, 3,
will have no contribution from the Pockels effect. In par-
ticular, for a tetragonal BaTiOj3 crystal, linearly polarized
light in a direction parallel to either the Ox, Oy, or Oz
axes does not register any change in the indexes of refrac-
tion due to the Pockels effect. For the above particular
configuration, the linear electro-optic effect cannot be de-
tected. For other crystal structures, the above condition
can be satisfied by changing either the crystal orientation
or the direction of the applied electric field.

It is this observation, along with its physical interpre-
tation, that allows us to determine the values for the R,
and R 5 Kerr coefficients. For barium titanate, which is
a negative uniaxial crystal in the tetragonal state, n;
= ng = n, are the ordinary indexes of refraction and ng
= n, is the extraordinary index. Their values®* at \
632.8nm are n, = 2.413, and n, = 2.361.

Using the general convention?3° that the z axis should
always be considered along the direction of the spontane-
ous polarization P, , the linear and quadratic electro-optic
equations in the tetragonal state can be expressed in a
condensed matrix format as
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Fig. 1. Greatly exaggerated schematic of the refraction index el-
lipses in the xz plane and their corresponding rotation angles for
the case with zero, positive, or negative applied electric field.
The electric field is parallel to the x axis; the y axis points up-
ward out of the paper. The Kerr effect is not considered. The
ellipses associated with the nonzero electric fields and the one
corresponding to a zero electric field intersect the original axes in
the same points (for individual products r;;E; = 0,1, = 1, 2, 3);
for this experimental configuration the refraction indexes read
by the probing light at normal incidence on the BaTiO; sample
do not change because of the Pockels effect when the electric field

is applied in either the +x or the —x direction.

1/ni2 1/ng 0 0 i3
1/ny? Un? 0 0 ry
v || am2| [0 0y ?
Ung? 0 0 rs i
Ung? 0 s 0 ’
Ung® 0 0 0 0
[Ryy Ryy Ris 0 0 0]
Ry Ry Riy 0 0 0
N Ri3 Ri3 Rz 0 0 0
0 0 0 Ry O 0O
0 0 0 0 Ry O
0 0 0 0 0 R
E3
E;
E2
X Ezli‘s (12)
E\E;
E\E,

According to the general observation above, if the electric
field applied to the tetragonal BaTiO5 sample has only an
x component (E;), and the second- and higher-order ef-
fects are ignored, then the new indexes of refraction, as
detected by the normal incident light, will not change be-
cause of the Pockels effect (see Fig. 1). The only thing
that the linear electro-optic effect does in this case is to
modify the form and inclination of the new indicatrix in
such a way that its corresponding Cartesian x”, z” axes
are rotated with respect to the original x, z axes by an
angle wj given by
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2r5:E,
tan(2w;) = ————. (13)
(1/n?) — (1/n?)

In the second part of this theoretical section, we deduce
the system of nonlinear equations that relate the two
relative intensities of the transmitted orthogonally polar-
ized light beams to the applied electric field and to the
two off-diagonal Kerr coefficients at room temperature.

The theoretical model associated with the experiment
is schematically shown in Fig. 2. Below are the consecu-
tive physical steps through the optical system and their
corresponding equations. After exiting the 45° polarizer,
the two orthogonal polarizations have the same ampli-
tude given by

AyO = AzO = AO- (14)

After passing through the bulk of the crystal, the two
transmitted amplitudes change into

Ayl = tyAyO’ (15)
Azl = tzAzO7 (16)

with the corresponding transmission coefficients3!

Positions of the two orthogonal
polarizations on the screen

WOLLASTON
PRISM

Fig. 2. Simple schematic of our optical amplitude modulation
system.
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1-r2 —i 1
:, = (1 = ry)exp(—ig,) I, = A%[Ty cos(0) + T, sin%(6) — 5T sin(ZG)},
_ P2 —9;
1 —ryexp(—2ig,) 25)
2 . 4\ 1
_ [(1 = rHZcos(@,)] — i[(1 — ry)sin( ¢,)] an I, = A} T, cos*(6) + T, sin’(6) + §Tyz sin(26’)},
(1 + r;) - 2rf, cos(2¢,) (26)
, with
(1 = r;)exp(—ie,)
L, = ; It,|2 a- r§)2
1 — rlexp(—2ig,) T, =lt,|° = , (27)
: T (4 - 2r2cos(2e,)
@ = )% eos(@,)] — il(1 — ri)sin(g,)] T |t = (1-r2)? 28)
(1+ 7Y — 2r2cos(2¢,) - as T @Y - 2r2cos(2¢,)
. (1= r2)(1 = rD)[(1 + rirf)cos(Ag) — (r} + rZ)cos( @y + @,)]
T,, = tt; +t;t, =2 " 5 " 5 , (29
[(1 + 7)) — 2rycos(2¢))|[(1 + r;) — 2r; cos(2¢,)]
These transmission coefficients take into account the ef- Ao =¢,— o,. (30)

fect of multiple reflections at the two faces of the crystal.
Ther,, r, are the Fresnel reflection coefficients at normal
incidence; they are related to the indexes of refraction n,,
n, in the following way:

n,—1
ry = , (19)
n, +1
n,—1
r, = . (20)
* on,+1
For BaTiO;, n, = ny and n, = ny, where n, and nj are

given by Eq. (12).
The ¢, , ¢, are the phases aquired by the two polarized
waves after passing through the sample and are given by

¢y = (27/N\)n,l,, (21)
¢, = (27/\)n.l,, (22)

with [, being the length of the crystal in the direction of
the incident light. In our model we do not take into ac-
count the phenomenon of light absorption through the
barium titanate slab.??

After exiting the crystal sample, the light then passes
through a Wollaston prism that is rotated by an angle 6in
the plane normal to the incident direction. The final
forms for the orthogonally polarized amplitudes of light
after exiting our optical amplitude modulation system are

A, = A, cos(0) — A,qsin(6), (23)

Y
A, = A, cos(0) + A,y sin(0). (24)

The light intensities are calculated by multiplying the
above electromagnetic amplitudes (A, , A,) by their cor-
responding complex conjugates (A}, AY). From the re-
sults of Egs. (14)—(24), the transmitted intensities of the
two orthogonally polarized waves are

The amplitude modulated signal oscillates with a fre-
quency directly proportional to the phase difference Ae.
On top of this signal, there are many small interference
fringes generated by the multiple reflections at the two
faces of the crystal; their frequencies are directly propor-
tional to the phases ¢, and ¢,. To calculate the net ef-
fect of these rapid fringes on the amplitude of the modu-
lated signal, we average the transmissivities T, T, and
the mixed term T, over a 27 interval for each of the two
phases ¢, and ¢,. Considering the A¢ as an indepen-
dent variable, we obtain

1 J‘wazw 1 - r§
T, = T,(¢y)de,de, = ,
< J’> (277)2 0 o y Y y 1 + r32/
(31)
1 27 (2 1 — r‘z2
(T-) = 2f f T.(¢.)de,de, = 5
(2m)=Jo Jo 1+ r;
(32)
1 27 (27
(Ty2) = 2y JO J; T,.( ¢y, ¢.)deyde,

, (1 + rirZ)cos(Ae) 33
(1+ 731+

The average transmitted intensities for the two polariza-
tions ((1,), (I,)) become

1
I,y = A%[(Ty>cos2(0) + (T,)sin?(0) — E(Tyz)sin(20)},
(34)

1
(L) = Ag[m)cosz(a) + (T, )sin®(6) + E(Tyz)sin(ZH)}.
(35)
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Because the tensor for the inverse piezoelectric effect
has the same symmetry properties as the Pockels tensor
for this particular configuration, the inverse piezoelectric
effect does not contribute to the change in the length of
the crystal in the direction of light propagation. It is the
electrostriction effect that causes changes in /,, of the form

lx = le(l + sx): (36)

where [, is the dimension of the crystal in the x direction
with no external electric field applied and s, is the elec-
trostrictive strain. For tetragonal BaTiO;, the value of
the electrostrictive strain was obtained from a previous
graph of the strain versus the electric field (with no exter-
nal stress) obtained by Burcsu and co-workers®>3* for the
same type of BaTiOs crystal as ours, having the same
specifications and even purchased from the same
company.®® The electrostrictive strain has an average
value of s, = 0.10 * 0.05% for electric fields between 1
X 10° V/m and 7 X 10° V/m. The value of the crystal’s
width is [, = 1mm, and it was provided by the
manufacturer.3®

The net relative light intensities for the two polariza-
tions, (I,,) and (I,,), are calculated by dividing the value
of each average transmitted intensity, (I,) and (I,), mea-
sured at a nonzero electric field (E # 0 V/m), by the ini-
tial value of the same corresponding intensity I,, I.¢
when E = 0 V/m. The results are given by

1)
I,)=—
Iy I
(T,)eos?(6) + (T,)sin®(0) — (1/2)(T,,)sin(26)
- T, cos?(0) + T,osin®(0) — (1/2)T,,) sin(2 0’
(37
(1)
Izr =
(L) T

- (T,)eos?(9) + (T,)sin®(9) + (1/2)(T,,)sin(26)

T, cos?(0) + Ty sin?(6) + (1/2)T .0 sin(26) '
(38)

where T, T, and T,,), are the transmission coeffi-
cients and the mixed transmission term in the initial
state of the crystal, before the application of an electric
field. For normalization purposes, so that (I,,) — 1 and
(I,,) — 1whenE; — 0 and s, — 0, we chose the denomi-
nators in Eqgs. (37) and (38) to have a form analogous to
their corresponding numerators when E; and s, are zero.

3. EXPERIMENT

The experimental design is schematically shown in Fig. 3;
all data were collected at a temperature of 23.5°C. The
sample was an unclamped 5 mm X 5 mm X 1 mm, two-
face-polished, (100)-oriented, single crystal of barium ti-
tanate. It was mounted with the spontaneous polariza-
tion P, in the z direction. A pair of electrodes 3 mm in
diameter were created by sputtering a 20-nm thin layer of
gold on the 5 mm X 5 mm opposite faces of the sample.
The connection between these electrodes and the electri-
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Fig. 3. Schematic of the experimental setup; the y axis points
upward out of the paper. S, screen; R, ruler; DC, digital camera;
L1, L2, L3, lenses; BS1, BS2, BS3, beam splitters; D1, D2, D3,
light intensity detector; GW, gold wire; PS, power supply; WP,
Wollaston prism; C, computer; CCD, camera; IL, incandescent
lamp; PO, 45° linear polarizer.

cal cables from a high-voltage power supply (PS) was done
through a pair of thin gold wires (GW), which were per-
manently attached to the sample’s electrodes with a col-
loidal silver paste solution. The front surface of the
BaTiO3 crystal was illuminated with an incandescent
lamp (IL), making it visible to a CCD camera (BASLER
Al101p, 1300H X 1030V pixels, pixel size 6.7 um
X 6.7 um).

A 0.5-mW He-Ne laser beam, with wavelength A\
= 632.8nm and a diameter of 0.48 mm at the 1/e2 points,
was transmitted through the crystal after being split by a
beam splitter (BS1). One part of the incident beam went
into a light intensity detector (D1), which was used to
monitor changes in the magnitude of the incident beam’s
intensity (1,,). Before reaching the crystal, the incoming
light was linearly polarized at 45° relative to P, with a
linear polarizer (PO). After passing through the crystal,
the transmitted beam was divided with a Wollaston prism
(WP) into two beams of light having mutually perpendicu-
lar polarizations. @ The prism was rotated -coun-
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terclockwise by an angle # = 15° in the plane normal to
the direction of the light’s propagation (see Fig. 2). The
rotated Wollaston prism was the novel design feature that
differentiated our amplitude modulator from the stan-
dard ones found in the optical literature¢=*> because it
allowed modulation of both orthogonally polarized waves
at the same time. This simultaneous amplitude modula-
tion characteristic is expressed in mathematical form in
Egs. (23) and (24).

Each of those two orthogonally polarized beams was
then further separated into two lower-intensity ones with
the help of a set of beam splitters (BS2, BS3). For each of
these new lower-intensity beams, part of it was focused by
a convergent lens (L2 or L3) into a light intensity detector
(D2 or D3) while the other part was passed through a
common convergent lens (1) onto a screen (S) having a
thin, millimeter-type ruler (R) attached to it. All data
were collected and processed with a computer (C) (see Fig.
3).
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., and I, versus time for the first experi-
mental trial. The applied electric field (E;) across the BaTiO;
sample was switched in a steplike fashion approximately every
50 s for 500 s. The values of the electric voltage taken in chro-
nological order are 0, +400, —400, 0, +600, —600, 0, +200, —200,
o

£(s)
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Fig. 5. Plotof I,, I, and I, versus time for the second experi-
mental trial. The applied electric field (E;) across the BaTiO;
sample was switched in a steplike fashion approximately every
50 s for 500 s. The values of the electric voltage taken in chro-
nological order are 0, —400, +400, 0, —600, +600, —600, 0, +200,
0 V. This time the —400 V voltage drop on the sample was kept
on for only ~20 s.
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Data were collected in the following way. The electric
field E across the sample was varied in a steplike fashion
approximately every 50 s for 500 s; this was done manu-
ally for positive, zero, and negative values of the electrical
potential with the help of a toggle switch. The light in-
tensity values collected by the three detectors, D1, D2,
and D3, were acquired every 0.02 s for 500 s with the data
collection software, Vernier LabPro 2.2.1. Detector D1
measured the monitor beam’s intensity (7,,), D2 the in-
tensity polarized along the y axis of the crystal (I y’), and
D3 the intensity polarized along the z axis (I;). These
three intensity values were plotted versus time with the
software PSI-Plot (Version 7); see Figs. 4 and 5.

The CCD camera acquired images of the crystal’s sur-
face every second for 500 s, and pictures of the transmit-
ted light’s intensity patterns on the screen were taken
manually every 25 s for all 500 s with a Sony digital cam-
era (Fig. 3, DC) having the specifications XGA, 1024
X 768 pixels. The CCD camera was used to monitor
changes at the crystal’s surface, and the digital camera
was employed for capturing any change in the intensity
pattern of light when the external electric field was ap-
plied across the sample. Some striking changes at the
surface of the sample, due to polysynthetic twinning,*6
were detected by the CCD camera when the voltage was
changed near the values of +600 V/mm. These varia-
tions in the surface morphology of the crystal led to a
more diffuse light transmission, especially for the light
polarized in the z’ direction. This was confirmed by the
pictures of the light’s spatial distribution on the screen (S)
taken with the digital camera. We will devote more time
to these changes when we will look at the evolution of
light intensity with time for different applied voltages.

4. RESULTS AND DISCUSSION

Figures 4 and 5 show the change in the orthogonally po-
larized intensities as a function of time for various values
of the applied electric field (E;). The fact that the value
of the polarized intensity I, (or I]) never goes above (or
below) the zero-voltage initial value I}, (or I ;), when the
sign of the electric field is changed indicates a quadratic
electro-optic effect in barium titanate.

After processing the data, we always chose the time-
average of the two light intensities (I}, I}), every time a
nonzero electric field was applied, and divided these val-
ues by the values of the initial (time-average) intensities
(Lo, I,9). This procedure gave us the relative measured
intensities of light (I],, I,) for different values of the
electric field (E;). These sets of measured values, with
their uncertainties, were substituted (Z,, for (I,,), and I,
for (I,,)) in Egs. (37) and (38), from which a correspond-
ing set of values for R, and R3, and their uncertainties,
was numerically extracted every time. The working
range of the light amplitude modulator was taken to be
—7/2 < Ap < w/2. The time averages and uncertainties
(standard deviations) for the relative light intensities
were calculated with the software PSI-Plot (Version 7).
The time average and the two extreme values for each of
these relative intensities were substituted into Egs. (37)
and (38), giving us the corresponding average and uncer-
tainty values for the Kerr coefficients. These numerical
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and Off-Diagonal Kerr Coefficients R 5, R3 for

Externally Applied Electric Fields E,, First Experimental Trial

E/(10° V/m) I, I, R15(107 7 m?/V?) R 151077 m?/V?)
+400 0.80 = 0.02 1.23 = 0.03 -3.51 = 0.11 —-7.82 = 0.13
—400 0.78 = 0.02 1.20 = 0.05 -3.59 = 0.11 —-7.92 = 0.31
+600 0.66 = 0.04 —-3.67 = 0.23 1.44 = 0.08 —-7.58 = 0.49
—600 0.71 = 0.02 1.15 = 0.03 -3.70 = 0.11 —-6.26 = 0.19
+200 0.88 = 0.01 1.11 = 0.01 —-3.43 = 0.06 -8.19 = 0.07
—200 0.85 = 0.02 1.11 = 0.02 —-3.42 = 0.11 —-8.21 = 0.13
Trial 1 Average — — -3.5 £ 03 -79 = 05

Table 2. Orthogonally Polarized Intensities I ;, , I., and Off-Diagonal Kerr Coefficients R 5, R ;3 for

Externally Applied Electric Fields E,, Second Experimental Trial

E(10° V/m) I, I, R15(107 " m*/V?) R13(107 m*/V?)
—400 0.70 = 0.03 1.37 = 0.03 -3.46 = 0.17 —8.07 = 0.19
+400 0.61 = 0.02 1.50 = 0.02 -3.43 = 0.11 -8.16 = 0.13
—600 0.57 = 0.02 1.38 = 0.03 -3.53 = 0.11 -7.75 = 0.19
+600 0.47 = 0.04 1.67 = 0.06 -347 = 0.23 -8.02 = 0.37
—600 0.61 = 0.02 1.31 = 0.03 -3.54 = 0.11 -7.73 = 0.19
+200 0.87 = 0.02 1.13 = 0.02 —-3.41 = 0.11 —-8.26 = 0.13
Trial 2 Average — — -34 = 0.2 -8.1 = 04

values were obtained with the mathematical software
MathCAD 2001i. Tables 1 and 2 summarize the results
for the calculated values (R 5, R3) and their correspond-
ing uncertainties. The mean values are the overall arith-
metical averages of these coefficients for both trials, with
the exception of the set of values contained in the fourth
row of the first trial (=600 V/mm). The twinning phe-
nomenon, mentioned in Section 3, generates a diffuse re-
flection of light at the two end surfaces of the sample,
leading, in this case, to unreliable values for the calcu-
lated Kerr coefficients.

One noteworthy feature about the results is that in
each of the two experiments the values of the two off-
diagonal Kerr coefficients are different for applied electric
fields that have the same magnitude but opposite direc-
tions. This is because R, and R 5 are functions of dielec-
tric constants that, in ferroelectrics, depend nonlinearly
on the applied external electric fields.

5. CONCLUSION

We have shown a general method for measuring the off-
diagonal coefficients of the quadratic electro-optic (Kerr)
tensor and verified its usefulness by determining the two
off-diagonal ~ Kerr  coefficients, R;3 = —3.5=* 0.3
X 107 m?/V? and Ry3 = —8.0 = 0.7 X 107" m?/V? for
a (100), 5 mm X 5 mm X 1 mm, single crystal of BaTiOg.
The method relies on selecting an experimental configu-
ration in which the individual products r;;E; = 0 with i,
j =1,2,3. Unlike other methods,?*~*° our method treats
multiple reflections at the two faces of the sample, light
transmission through the crystal, and electrostriction.
Our method can be used to measure off-diagonal Kerr co-
efficients on 18 of the 20 crystal point groups in which the
Pockels effect and the Kerr effect coexist.

The values for these two quadratic electro-optic coeffi-
cients were numerically extracted from the above-
mentioned set of nonlinear equations [Eqs. (37) and (38)].
The uncertainties result primarily from nonlinear dielec-
tric behavior with the electric field, which is a common
phenomenon in every ferroelectric crystal.

The fact that the two intensities I, and I can be asso-
ciated with the symbols 1 and 0 of Boolean algebra might
make it possible for the working principle of this light
modulator to find some applications in the improvement
or design of new optical binary devices that are so needed
in the important technological field of information pro-
cessing optical devices (optical computers).

Using this technique, one can monitor the changes in
the optical coefficients of crystals under different external
conditions, i.e., electric or magnetic field and pressure and
temperature variations. These measurements can pro-
vide the physics community with a new window into the
process of symmetry change occurring in crystals imme-
diately after they are subjected to an external stress.
Furthermore, the knowledge gained from observing the
time evolution of crystal behavior could also be used to
improve the state of theoretical modeling associated with
the dynamics of phase transitions in some of these crys-
tals.

As the two graphs (Figs. 4 and 5) show, a curious be-
havior of the light intensities as functions of time
I, (1), I,(t)) was detected every time the applied elec-
tric field was changed. The authors have not seen these
effects discussed in the scientific literature to date. We
suspect that some of these light transients are caused by
the change in the indexes of refraction caused by a certain
relaxation in the crystal’s polarization once the electric
stress has been temporarely removed. A more concrete
and detailed study of the connection between this tran-
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sient behavior and time-dependent phenomena in barium
titanate has been submitted for publication.*’
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We present a systematic theoretical examination concerning the practical possibility of measuring components
of the quadratic symmetry tensors for solid materials lacking inversion symmetry. We show that information
concerning the quadratic effects in noncentrosymmetrical crystals can be obtained directly by methods that
allow for the bypassing of the coexisting dominant linear effects. Here, we deal only with the particular case of
the electro-optic effect; however, the results and conclusions are also valid for the elasto-optic effects. © 2006

Optical Society of America

OCIS codes: 190.3270, 160.2260, 260.1180, 160.1190, 230.4110.

1. INTRODUCTION

When a crystal is subjected to an externally applied vec-
tor stress field (electric or mechanical), it suffers a change
in the internal structure, which in turn, causes a modifi-
cation of its macroscopic physical properties. Theoreti-
cally, these properties are classified and labeled in a
proper manner through concepts called physical param-
eters. The mathematical structures describing these pa-
rameters are tensors whose coefficients manifest certain
relations of symmetry among themselves. The symmetry
elements allow for an effective way of classifying all of the
crystals into just a finite number of groups.

According to their macroscopic symmetry properties,
crystals are divided into 32 point group classes. Out of
these, 11 point groups have inversion symmetry; the crys-
tals belonging to these classes are centrosymmetric. The
other 21 point groups lack the inversion symmetry, mak-
ing the corresponding crystals noncentrosymmetric.' Cen-
trosymmetry means that the macroscopic physical prop-
erties of a crystal do not change with inversion in the
direction of the externally applied vector stress field. In
centrosymmetric crystals, the first-order (linear) effect is
not present; the second-order (quadratic) effect is the
principal one. By comparison, the general rule for the
noncentrosymmetric crystals is that not all of their odd-
rank tensors are zero, especially the first-rank ones; this
makes their macroscopic properties very sensitive to in-
versions in the direction of the perturbing field. Of the 21
crystal point groups lacking inversion symmetry, 20 of
them show a dominant linear effect in simultaneous coex-
istence with a quadratic one."? There is, however, one
noncentrosymmetric point group (Cubic 432) for which
the first-order effect is nonexistent because all the compo-
nents (moduli) belonging to its first-rank tensor are zero;
but this is not necessarily the case with all of its higher
odd-rank tensors. In this particular case, being next in
the order, the quadratic effect becomes the dominant one
by default.

In this paper we will deal with the 20 noncentrosym-
metric point groups for which the first- and second-order
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effects are present at the same time; in all of these cases,
the quadratic effects are eclipsed by the linear ones. From
a theoretical point of view, however, it can be shown that
for 18 out of the 20 point groups, it is possible to measure
directly selected components (coefficients) of the qua-
dratic tensors of these crystals without having to deal
with the dominant linear effects at all. This claim is based
on properly understanding the practical advantages of a
mathematical detail concerning a connection between the
shape of the index ellipsoid (indicatrix) of a crystal and
the externally applied vector field. This connection seems
to have been overlooked by other authors, and in the fol-
lowing section, we will explain it carefully. We choose the
electro-optic effect to be the representative case here, but
the elasto-optic tensors have the same symmetry proper-
ties as the electro-optic tensors for each of these crystals.
Finally, the validity of our claim has been already con-
firmed by the authors for the particular case of electro-
optic effect on the tetragonal (4 mm) barium titanate
(BaTi0O3) bulk single crystal at room temperature (T
=23.5°C).

2. THEORY

This section is divided in two parts. In the first one we
show theoretically how it is possible to avoid the first-
order (Pockels) electro-optic effect to selectively measure
elements of the second-order (Kerr) electro-optic tensors
in noncentrosymmetric crystals. In the second part, we
proceed systematically with a thorough analysis of all the
groups of crystals lacking inversion symmetry and having
a dominant Pockels effect in coexistence with the Kerr ef-
fect. Here, we show how the claim made in the Introduc-
tion can be applied to 18 out of the 20 symmetry point
groups; the only exceptions are the symmetric point
groups triclinic 1 and trigonal 3.

A. General Theoretical Analysis
The electro-optic effect is the change in the index ellipsoid
(indicatrix) of a crystal when the crystal is subjected to an

© 2006 Optical Society of America
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externally applied electric field. For the most general case
(a biaxial crystal), the equation of the initial index ellip-
soid (initial indicatrix) at a zero electric field is given by

¥ xf o
—2+—2+—2=1. (1)

ny ng ng
With the application of an external electric field,
EZEI)’\(I +E25\(2+E3&3, (2)

the equation of the new index ellipsoid, in the same
(x1,29,x3)-coordinate system, takes the new form

x% x% x% 2x9x3  2x1X3  2x1Xx9
—t+t—+—+ + + =1. (3)
n? ny? ni® np? ni? ng?

To change from tensor to matrix notation, in Eq. (3), we
used Nye’s suffix abbreviation:!

(11) - 1; (22) — 2; (33) — 3; (23),(32) — 4; (13),(31)
—5; (12),(21) — 6.

With this notation, the Pockels and Kerr expressions con-
necting the new refractive indexes (n'), the initial ones
(n), and the three components (E{,E,,E3) of the applied
electric field in the (x1,x9,x3) system of coordinates can be
written in a condensed form as

1 1
—5 = 5 i+ RiwErE, (4)
ng
with 1/n4=1/n5=1/n4=0;j,h,l=1,2,3;1,(hl)=1,2,...,6.
With the matrix notation, Eq. (4) can be presented in a
more explicit form as follows:

1
ni2
1
! 2
ni? ni B 7
2 1 11 12 13
1 - I'o1 Tag  Ta3
2 ny E,
ns r'31 I'32 I'33
= 1 =+ Ez
1 — T4 Tag  Tu3
2 nj By
ny Ts1 Ts2 753
0
1 T'e1 T'62 T'63
— 0 L J
ng 0
1
12
ng
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(5)

E\Ey

The r;; and R, are the linear and the quadratic electro-
optic tensor’s components, respectively, and (/) follows
Nye’s notation mentioned above.

The intersection of this new index ellipsoid [Eq. (3)]
with the three planes xox3, x1x3, and xxe will generate
three sectional ellipses

2 2
x x7  2x,x
p P 6
gt Tt 5 =L (6)
p q m

with their three corresponding pairs of principal (ei-
gen)axes

— cos?(w,,) - — sin®(w,,)
n

1 nl’,2 (']2
—5 = ) (7)
ny, cos(2w,,)

2( ) 1 202
— cos*(w,,) — — sin“(w

1 n},}g m n(']2 ( m)
_ _ , 8
n,’nz_ cos(2w,,) ®)

or as functions of the n,, indexes

1 1 tan(w,,) (
=t 9)
S

1 1 tan(w,,)

IR R (10)
Ny, 7y n,

here p, ¢=1,2,3 and p <q. The relation among p, q, and
m follows the Nye index abbreviation: (pq), (qp)—m; m
=4, 5, 6. The three new index ellipses [Eq. (6)] are rotated
with respect to the initial rectangular Cartesian system of
coordinates (xq,x9,x3) in the x9x3, x1x3, and x1x9 planes,
with rotation angles w,, given in a general way by the ex-
act formula and its corresponding approximation up to
the second order,

2/n'?

m

tan(2w,,) = —————
2an) 1/n1',2—1/n,’12

2(r B+ RynyErE))

 (Ung = 1Und) + (ry; = rg)E; + Ry — Rygu) ELE)
(11)

with the property 0<|w,,| <m/4, for m=4, 5, 6.

B. Important Theoretical Observation

In Egs. (6)—(8), the intersections of the sectional index el-
lipses with the x, x9, and x5 axes generate the refractive
indices nj, ny, ng; this is independent of the order of ap-
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proximation in the magnitude of the applied electric field.
The indices of refraction mentioned above are related to
the components of the field E through the following set of
electro-optic equations:

1

12
Ng

+rngj+Rg(hl)EhEl. (12)

ool H

In Eq. (12), note that if the experimental circumstances
allow for the individual products rg;E;=0, with g, j=1, 2,
3, then the linear electro-optic effect will provide no con-
tribution to the magnitude of the new refractive indices
corresponding to the x1, x9, and x5 directions.

A physical interpretation of the above statement is that
any polarized light wave passing at normal incidence
through any crystal in which the components of the ap-
plied electric field satisfy the condition rgE;=0 for g, j
=1, 2, 3, will have no contribution from the Pockels effect.
For the above particular experimental configuration, the
linear electro-optic effect cannot be detected. For other
crystal structures, the above condition can be satisfied by
changing either the crystal orientation or the direction of
the applied electric field. Out of the 20 noncentrosym-
metrical point symmetry classes showing both a Pockels
and a Kerr effect, only 2 (triclinic 1, trigonal 3) do not sat-
isfy this condition of selection for any experimental con-
figuration.

3. EXPERIMENTAL SCHEMATIC

In Fig. 1 we present an experimental schematic of a opti-
cal modulator that can be used for measuring some of the
Kerr coefficients in crystals lacking a center of symmetry.
A similar experimental layout was previously used by the
authors to successfully measure two off-diagonal Kerr co-
efficients (R9;,R3;) for the particular case of a BaTiOj
single crystal in the tetragonal state (4 mm).3 However,
our optical modulator can be used, in principle, for the 18
out of 20 point group symmetry classes in which a Pockels
and a Kerr effect are simultaneously present, with the
first order electro-optic effect being the dominant one.

A. Theoretical Description of Optical Modulator
Workings
As depicted in Fig. 1, the light coming from a very-low-
power laser VLPL, passes through a linear polarizer LP,
rotated by time-dependent angle 6(¢) with respect to the
horizontal. The polarized light then passes through the
crystal sample CS, which has its cross-sectional index el-
lipse rotated by an angle w,, (m=4,5,6) in the plane nor-
mal to the direction of the wave propagation (k); the
change in shape and orientation of the index ellipsoid is
caused by the electro-optic effect. Once it exits the back
surface of the sample, the probing light wave carrying in-
formation about the crystal’s indicatrix is split into two
mutually orthogonal beams by a Wollaston prism WP,
which is rotated by an angle ¢ with respect to the hori-
zontal. All angles are measured according to the trigono-
metric convention.

The formulas for the two modulated light intensities
having mutually orthogonal polarizations are given by
the two expressions
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Polarizations of the two modulated
intensities 7,,4(9), £, (9.

VIPL

Fig. 1. Simple schematic of our optical amplitude modulator.
The modulating system contains the following elements: very-
low-power laser (VLPL), rotating linear polarizer (LP), crystal
sample (CS), and a rotated Wollaston prism (WP). 6(¢), w,, (m
=4,5,6), and ¢ are the angles of rotation of the linear polarizer,
the new sectional index ellipse, and the Wollaston prism, respec-
tively; all angles are read according to the trigonometric conven-
tion. The angle of rotation of the linear polarizer is dependent on
time.

L (8) = A2, L62), 4] + A, [6(2), @]

A m
XA, [02), 0, ]si0[2(w, - lﬂ)]sin2<%> ,

(13)

Im—(t) =A2 _[0(t), l//] _Am+[0(t)’ wm]

A m
XA, [0(8), 0y, Jsin[2(w,, - ¢)]sin2<%) ,

(14)

with the amplitudes of the electromagnetic fields for an
arbitrary set of variables ¢ and { given by
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Ap
Am+(§y {) = E[(Tm+ + Tm_)COS(g— é’)

+ (T = Ty )cos(§+ 0], (15)

Ao
An-(60 = (T + T )sin(E = )

— Ty = Trp)sin(é+ 0] (16)
The terms
n,,,
Tpe=Tre(ny,,) = ESIE 17
and
2ar
Azpm=Acpm(n,’n+,n,’n_)=T(n,’m—n,’n_) (18)

are the single transmission coefficients of light at normal
incidence and the optical retardation of the crystal
sample, respectively; Ay is the amplitude of the electro-
magnetic wave striking the linear polarizer.

B. General Description of the Experimental Procedure
The first experimental step should be to collect the values
of the two mutually orthogonal intensities
[To,+(t),I0;m_(8)] for the virgin crystal sample during a
complete rotation (27 rad) of the linear polarizer. These
two intensities are the same as the ones provided in Egs.
(13)—(18) except for the effects due to the electro-optic
phenomenon.

The next step consists of applying an electric field E
and collecting the new values of the intensities
[1,,.(@),I,,_(t)]. To make the experimental data indepen-
dent of the effects of signal amplification, these intensi-
ties would be divided by the ones obtained for the crystal
in its unperturbed initial state, giving the following rela-
tive intensities:

; I,.(t) "
T t =)
=g (19)
I’ () L0 20
" (t) = .
" IOm—(t) ( )

In the two expressions above, the terms in the numerator
will behave the same as the terms in the denominator,
with four visible exceptions at

T
O(t)zwm+s§, (21)

where s=0, 1, 2, 3. From the striking changes at these
particular angles, it is possible to empirically extract the
value of the angle w,, (m=4,5,6). Once this angle is
known, one can express n,,, and n,, _ as functions of nl’]
and n(’l from Eqs. (7)—(10). This set of refractive indices
are the ones that contain some of the electro-optic coeffi-
cients to be determined. In crystals and experimental con-
figurations for which the condition r,E;=0 (g,/=1,2,3)
applies, one can directly extract the values of at least two
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different Kerr coefficients. This is done by solving numeri-
cally for the two quadratic electro-optic coefficients in
Eqgs. (19) and (20); the values for the relative intensities
I' . (t) and I}, (t) are gathered empirically from the experi-
mental data. Now that the cross-sectional rotation angle
w,, and the two Kerr coefficients can be known, in prin-
ciple one can make use of Eq. (11) to obtain extra infor-
mation regarding the values of the electro-optic coeffi-
cients figuring at its numerator. These coefficients can be
first-, second-, or even higher-order ones.

The specific details of the experimental procedure were
provided by the authors in a previous paper,’ in which a
similar experimental design was used to determine for
the first time two Kerr coefficients (Ri9=-3.5+0.3
X 10717 m2/V2, Ry3=-8.0+0.7X 1017 m?2/V?) of a tetrago-
nal (4 mm) sample of bulk single BaTiOj3 crystal at room
temperature (T'=23.5°C). The precision of this method is
at the 10% level for the BaTiOg results, and we see no rea-
son for there to be substantial deviations of this level of
precision for other materials.

4. DISCUSSION

In Tables 1-4 we present the electro-optic coefficients for
all 18 noncentrosymmetrical crystal point groups that can
be determined with the optical modulator we described
above. In general, there can be a maximum of three
electro-optic coefficients per experimental configuration; a
new configuration corresponds to each row in the tables.
By making use of the symmetries implicit in the electro-
optic tensors for each particular crystal point group, one
can obtain more than three coefficients per experimental
layout. The fact that some crystal groups have tables
smaller than others results from the limitation of the ex-
perimental configurations imposed by the theoretical con-
dition of selection made in Subsection 2.B.

Independent of the order of the experimental readings,
the Pockels coefficients relevant to each table were al-
ways calculated from Eq. (11) adapted for each respective
situation. That means that these first-order terms could
be determined either at the same time along with two
other different Kerr coefficients or after the second-order
coefficients were obtained separately from different ex-
perimental configurations that did not involve the respec-
tive Pockels terms. When a particular layout could allow,
in principle, for the determination of electro-optic terms
beyond second order, we mentioned that in the tables in
an abbreviated manner as HOC [higher-order coeffi-
cient(s)].

The data set for each of the 18 crystal types, contained
in the 4 tables, can be further divided into two parts: the
part that presents all the experimental data that can be
obtained through the consecutive application of just one
individual component of the electric field and the part
that considers the application of two perpendicular com-
ponents of E at the same time. In obtaining the data per-
taining to the second half, one needs to make use of the
data gathered in the first half of each table; in this sense,
the top half of each table has chronological priority over
the bottom half for each individual point group. This is
the reason that we mention only the newly gathered
electro-optic coefficients in the second half; we assume the
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Table 1. Selected Electro-optic Coefficients and
Experimental Configurations for the Biaxial
Noncentrosymmetric Crystals that Could Be

Directly Measured with Our Optical Modulator®
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Table 2. Selected Electro-optic Coefficients and
Experimental Configurations for the Uniaxial
Noncentrosymmetric Crystals that Could Be

Directly Measured with Our Optical Modulator®

E k Electro-optic Coefficients E k Electro-optic Coefficients
Monoclinic m Trigonal 32
E, X1 Ry, Ry, 149 E, X1 Rgy, Ry1, Ry, R3y, Ryg, Ry,
Xy Ry, R3y, Rsy Ry
X3 Ry3, Roy, T2 X2 Rys, Ry, Ry, Ry, 159, Taa
Monoclinic 2 X3 Ryy, Roy, Rog, Ry1, T2, T215 T11
E, X1 Ry, Rsy, gy E; X1 Ry3, Ry3, Rs3
X9 Ry, Rsy, Ry X2 Ry3, Rys, Rs3
X3 Ry, Rog, 161 X3 HOC
E; X Rys, Ry, 743 E,, E; S Ry, Ry, Res, Ryy, Rss
X9 Ry3, Rys, Rs3 Xy Ry, Roy, Res
X3 Ry3, Ros, 13 X3 Ryy, Ryy, Res
E E; X Ry, Ras Trigonal 3m
X9 Ry5, Rgs, Rss E, X1 Ro1, Ryg, R31, R3g, Ryy, Ryo
X3 Ri5, Ros Xy Ry, Rog, Ry, Ry, 751, Tao
Orthorhombic 222 X3 R11, Rog, Ryy, R1s, g1, o2, 12
E; X Ryy, R3y, Hexagonal 622
X9 Ry, Ry E, X1 Ryy, Ryg, Ry, Ry, 741, T50
X3 Ry1, Roy Xy Ri1, Rgy, Ry, R
E, X Ry, R3p X3 Ry1, Rog, Roy, Ry
Xo Ry9, Ryy, Rso E, X Ry, Rq1, R3g, Ray
X3 Ryg, Roy Xy Ry, Roy, Ry, Ry, 152, Ty
E; X Rys, Rss X3 Ris, Ro1, Ros, R11
X2 Ris, R33 E; X1 Rys, Ry3, Rg
X3 Ry3, Rys, 763 Xy Ry3, Rog, Rs3
Ey Eq X1 Ry X3 HOC
E, E;3 Xo Ry Ey E; X Ry, Rss
E E, X3 Rgg E, E;s X2 Rs5 Ryy
Orthorhombic mm2 E,, E,y X3 Ree
E, X Ry, Ry; Hexagonal 6mm
X2 Ry, Rsy, 151 E, X Rj1, Rig, Ry, Rao
X3 Ry, Ry X9 Ry, Roy, Ry, Ry, 751, Tao
E, X Ry, Ry, 149 X3 Ri1, Roy, Roy, Ryo
X9 Ry, Ry E, X1 Rog, Ry, Rag, Ry, Ty, 51
X3 Rig, Ry Xy Rys, Ryy, R3g, Ra;
E E, X3 Reg X3 Ry9, Ro1, Rog, Ryy
E E, X3 Rgg

“The vector k represents the direction of incidence of the electromagnetic wave;
it can be along any one of the X, X,, or X3 Cartesian directions. E stands for the
vector electric field applied on the crystal sample; its components along the x;, X,,
and x; directions are E|, E,, and Ej, respectively. The R’s stand for Kerr coefficients
and the r’s for the Pockels ones. The initial refractive indices are assumed to be
known.

other electron-optic coefficients that play a part to have
been used from the first half of each of the tables. The ex-
perimental cases for which no new information could have
been gained are not mentioned in the tables.

The initial refractive indices nq, ng, and ns were as-
sumed to be known; the extraordinary indexes of refrac-
tion were always considered along the x5 axis. The effects
of inverse piezoelectricity, electrostriction, and light ab-
sorption in the crystal sample were neglected.

5. CONCLUSION

Armed with the confidence gained from the successful di-
rect measurement of two distinct Kerr coefficients in the
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“Same as for Table 1. HOC [higher-order coefficient(s)] applies to cubic or
higher-order moduli. The initial refractive indices are assumed to be known; the ex-
traordinary indices of refraction are always considered along the x5 axis.

case of a tetragonal (4 mm) barium titanate (BaTiO;)?
single crystal, we extended the theoretical model to other
crystal point groups. Although purely theoretical in na-
ture, this paper shows in a systematic manner how it is
possible to use an experimental design based on the work-
ing principles of a new optical modulator to determine
Kerr and Pockels coefficients in a separate manner for 18
out of the 20 noncentrosymmetric crystal symmetry
classes in which the two effects coexist; in these classes,
the first-order (Pockels) effect is always the dominant one.
The experimental design and procedure are similar to the
ones we previously employed in the case of tetragonal
BaTiO3.
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Table 3. Continuation of Table 2*
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Table 4. Completion of Table 2?

E k Electro-optic Coefficients

E k Electro-optic Coefficients

Hexagonal —-6m2

E, X1 Ry, Ryg, Ry, Ry
Xo Ry, Rog, Ry, Ry
X3 Ry, Ry, Roy, Rug, 7615 a2, T12
E; X Rys, Ry3, R
Xy Ry3, Ros, Rs3
X3 HOC
E, E;s Xy Rgs, Ryy
X3 Res
Hexagonal 6
E, X1 Ry1, Ryg, Ry, Rag, 141, Ts2
X2 Ry1, Roy, Ry, Rag, 51, Ta2
X3 Ry, Roy, Ryg, Roy, 761, Reas
Ry, Rog
E, X1 Ry, Rq1, R3g, Ras, T4, 751
X9 Ry, Roy, R3g, Ray, Tsg, Ta1
X3 Ry, Ro1, Roy, R11, Res, Ren,
Ryg, Rog
E E, X3 Ri6, Rog, Reg, Re1, Res
Hexagonal -6
E; X1 Rys, Ry3, Rsg
X2 Ri3, Ry3, Rss
X3 HOC
Tetragonal 422, —-42m
E, X1 Ryy, Ryg, Ry, Ry, 741, Tsg
X9 Ry1, Roy, Ry, Ry
X3 Ry, Rog, Roy, Ry
E, X1 Ry, Ry1, Ry, Ry
Xo Rys, Ry1, Rag, Ry, 759, T4y
X3 Ry, Roy, Rog, Ry
E; X1 Ry, Ry, Rs3
X2 Ri3, Ras, Rs3
X3 res (for —42m)
E,, E; X Ryy, Rss
E E3 Xy Rss, Ryy
E, E, X3 Res

“Same as for Table 2.

The major contribution of this paper is the fact that it
shows the possibility of measuring many of the Kerr coef-
ficients for crystals of which these second-order coeffi-
cients could have never been measured using the stan-
dard optical approaches to date.* 12

Another contribution is in regard to the Pockels effect.
We show that it is possible to measure many of the first-
and second-order electro-optic coefficients separately from
one another. This allows for a more accurate determina-
tion of some of the Pockels coefficients because one can
subtract the contributions due to the corresponding Kerr
coefficients.

The last, but not least, contribution is the possibility of
gaining some empirical information about the cubic- or
higher-order electro-optic coefficients for some noncen-
trosymmetrical crystals within certain experimental con-
figurations. To our knowledge, this has not been theoreti-
cally shown nor experimentally done before.
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Tetragonal 4mm

E, X1 Ryy, Ryg, Ry, Ry
X2 Ry, Rog, Ry, Rag, Ts1, T2
X3 Ry1, Ryg, Rgy, Ry
E, X1 Ry, Ry1, Rag, Ry, Ty, 751
X2 Ry, Roy, Ry, Ry
X3 Ry3, Roy, Rog, R1y
EE, X3 Res

Tetragonal 4,-4

E, X1 Ry1, Ryg, Ry, Rag, 141, Ts2
X2 Ry, Ros, Ry, Rag, Ts1, T2
X3 Ry1, Rgy, Roy, Ryg, Ry, Reo
E, X1 Ry, R11, R3g, Ry, 51, T2
X2 Ry, Roy, R3g, Ry, Tsg, Taa
X3 Rys, Ry1, Rgs, Ry, Ry, R
E, E, X3 R16, Rog, Res

Anaxial Noncentrosymmetric
E k Electro-optic Coefficients
Cubic 23, -43m

E, X1 Ry, R3y, Ry, Ryg, Ros,
Ros, r41, I's2, Te3
X2 Ry1, Ry, Ros, Rgs, Ryg, Rog
X3 Ry1, Ryg, Rog, Rss, R3g, Ry
E, p.S1 Ry, R3y, Ry1, Rss, Roy, Ris
X2 Ry, Rsy, R31, Ros, Ry, Ris,
T'52, T'41, T3
X3 Ry9, Roy, R31, Ros, Ry, Ras
E; X1 Ros, Rss, R31, Rig, R11, Roo
X2 Rys, Rys, Roy, Ry, 711, Roo
X3 Ry, Rog, Roy, Ry, R31, Ry,
763, I'52, T'41
E,y Es X1 Ry, Rss, Res
E,, E; X9 Rss, Ry, Res
E, E, X3 Rgg, Rss, Ry

“The initial refractive indices are assumed to be known; the extraordinary indices
of refraction are always considered along the x5 axis.
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