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Abstract

The electro-optic (EO) coefficients r22 of a congruent LiTaO3 bulk crystal,
with dimensions of 6 × 5 × 20 mm3, have been measured over a wide
frequency range (from dc up to 150 MHz) using the novel and elaborate
step-voltage time-response method (TRM). At low frequencies, these results
are compared with those obtained with the frequency-doubling
EO-modulation (FDEOM) method. From these measurements, the clamped

and unclamped EO coefficients, rS , respectively, have been derived

and the acoustic contribution r a
22 to the EO effect has been deduced and

compared with theoretically calculated values. Also, using the values of
acoustic contribution, r a, the true value of the EO coefficient r22 has been
extracted. Lastly, the above results are compared with those obtained for a
pure congruent LiNbO3 crystal in the framework of a typical
intensity–modulation (IM) EO system.

Keywords: Pockels effect, time and frequency response, piezo-electric effect,
acoustic resonances

1. Introduction

As is well known [1], the LiTaO3 (or LT) crystal belongs to

the same ABO3-type oxygen-octahedra ferroelectric family as

the LiNbO3 (or LN) crystal, which is widely used in electro-

optical (EO) and relevant photonic applications [2]. In such

cases, and more particularly in intensity–modulation (IM) EO

systems, the LT crystal could be an efficient substitute for LN

as a modulator crystal, because of its similar structure and its

relatively higher or even comparable figures of merit, such as

the n3r product, the half-wave voltage, and the electro-optic

coefficients [3]. Unfortunately, until recently, LT presented

non-negligible problems (e.g. cracking effects) in its crystal

growth, and an increased sensitivity to humidity, as well

a relatively higher thermo-optic dependence of the natural

birefringence no–ne.

Nevertheless, in recent years, water-resistant LT crystals,

of very good optical quality and free of cracking effects, have

begun to be produced and new interest has started to develop

in this crystal [3–8]. Moreover, as has been proved in a

recent paper [9], in an IM electro-optic modulation system

the principal quantity of interest, which is the EO modulation

depth, m, is much more temperature dependent in the case of

LN than in the case of its LT counterpart. Obviously, this result

could advocate the use of LT instead of LN in the above EO-

modulation systems.

Incited by the above, we have made use of modern

methods to study experimentally the electro-optic and relevant

effects in rectangular LiTaO3 crystal slabs of various lengths

on the basis of a Sénarmont-type arrangement. Part of this

study has quite recently been published elsewhere [10]. The

present paper exhibits the results of EO determinations in

LT regarding the EO coefficients rT
22 and rS

22, with emphasis

placed on the acoustic contribution to the EO effect and the

true value of the r22 coefficient for a long crystal sample.

The above measurements have been performed using, for

increased versatility and accuracy, elaborate techniques such as

the frequency-doubling EO-modulation (FDEOM) method and
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the step-voltage time-response (TRM) method [11, 12]. The

first method is more appropriate for dc or low EO-modulation

frequencies, while the latter yields values of EO coefficient

over a wide frequency range and allows us to obtain and

analyse the corresponding frequency dispersion of the EO

effect. Using both of these methods, we have determined

the acoustic contribution, r a
22, to the EO effect and the true

value of r22 corresponding to the ‘direct’ EO effect, which

represents the straightforward influence of the electric field

on the refractive index. Finally, the results extracted in this

work are compared to each other and to those obtained for a

congruent LiNbO3 (or LN) crystal.

2. Equations of electro-optics for LT and LN crystals

At room temperature, both LT and LN crystals belong to the

trigonal system and have the structure of the crystal class (point

group) 3m. As can be seen from the EO tensor of this class, the

electro-optic behaviour of these crystals can be described by

means of the four independent linear EO coefficients r13, r33,

r22 and r51 [13].

In the presence of an external electric field �E applied to

an EO crystal such as LT or LN, the total birefringence of the

crystal can be expressed by the linear approximation [14]

�n = �n(0) + �n(E) (1)

where �n(0) is the natural or spontaneous birefringence and

�n(E) is the field-induced or electro-optic birefringence.

The corresponding total differential phase shift or relative

retardation is given by [13, 14]

Ŵ = Ŵ(0) + Ŵ(E), (2)

where

Ŵ(0) = (2π L/λ)�n(0), Ŵ(E) = (2π L/λ)�n(E) (3)

are, respectively, the spontaneous (or natural) and the field-

induced differential phase retardations throughout the crystal

sample. In these equations, L is the length of the crystal along

the propagating light beam and λ is the wavelength of the light

in a vacuum.

An important configuration, bringing into direct action

the EO coefficient r22 alone, is the transverse configuration in

which the electric field �E is applied along the Y crystal axis

and the light beam propagates along the Z axis (which is the

natural optical axis of the crystal). By means of calculations on

the EO tensor and the optical indicatrix, it is proven that, for

this configuration (which we shall call the r22 configuration),

the field-induced birefringence has its fast and slow axes in the

(X, Y ) plane and its value is expressed by [15]

�n(E) = �nx y(E) = n3
0r22 E, (4)

where n0 is the ordinary refractive index of the crystal without

a field. Combining equations (3) and (4), it is easily deduced

that, in the above configuration, the EO coefficient r22 is ruled

by the relationship

r22 = (λ/2π)[Ŵ(E)/Ln3
0 E]. (5)

3. EO frequency dispersion and acoustic
contributions

It is known that, in general, the EO parameters of inorganic

crystals present an EO frequency dispersion, i.e. they depend

on the frequency f of the ac electric field applied for

EO modulation. This dispersion is mainly due to various

contributions, of non-electro-optic origin, to the electro-optic

effect, which are unequal in different frequency ranges [15].

As a result of this EO frequency dispersion, the value (rT) of

an EO coefficient under unclamped (constant stress) conditions

differs from its value (rS) under clamped (constant strain)

conditions, in accordance with the relationship [13–16]

rT = rS + r a, (6)

where r a denotes the acoustic contribution to the EO effect.

This contribution reflects the piezo-optic effect due to the

crystal deformation caused by the inverse piezo-electric effect.

It is also of note that rT expresses the low-frequency EO

response and rS the high-frequency EO response, which is

composed of the ionic (r i) and electronic (r e) contributions,

i.e. rS = r i + r e.

According to the above, for a given configuration, the

effective acoustic contribution r a can be determined as being

equal to the difference between the two levels appearing in

the EO dispersion curve, r( f ), far before and beyond the

intermediate piezo-resonances. On the other hand, on the

basis of equation (6), one can formalize an acoustic tensor, ra,

corresponding to the EO tensor of the crystal. The components

r a
i j,k of this ra tensor are related to the components pi j,lm and

dlm,k of the elasto-optic (p) and the piezo-electric (d) tensors,

respectively, by means of the equations [15]

r a
i j,k =

∑

lm

pi j,lm dlm,k . (7)

Taking into account the symmetry properties and specific

forms of the above tensors r, p, and d for the point group

(3m), hence for both LN and LT crystals [15] it is easily

deduced from equation (7) that, in the present case, the acoustic

contribution to r22 will be given by the expression

r a
22 = (p11 − p12)d22 − p14d15, (8)

where p11, p12, p14 and d22, d15 are elements (non-vanishing

components) of the p and d tensors, respectively, in their

contracted form.

4. Experimental methods and techniques

4.1. System arrangement

The electro-optical measurements under consideration were

carried out on the basis of the Sénarmont-type optical setup

shown in figure 1(a). In this arrangement, the crystal sample S

is inserted between a polarizer P and a quarter-wave plate Q,

both oriented with their axes at 45◦ to the EO-birefringence

axes of the crystal. Another polarizer, playing the role of

an analyser, A, is placed after the quarter-wave plate, at the

output end of the setup, and is oriented with its axis at an

azimuthal angle β with respect to the fast birefringence axis
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Figure 1. (a) Sénarmont-type setup used for EO measurements and
(b) optical transmission of the system as a function of the analyser
angle β or the applied voltage V .

of the crystal. Under these conditions, the transfer function for

the light intensity transmitted throughout the setup is ruled by

the equation [11, 17]

T = I/I0 = (1/2)[1 − γ sin(Ŵ − 2β)] (9)

where I0 is the light intensity incident to the crystal, I is

the light intensity emerging from the system (photodetected

output), and γ = (Imax − Imin)/(Imax + Imin) denotes

the contrast ratio, which is supposed to be a constant

parameter. The minimum and maximum values, Imin and Imax,

respectively, of the light intensity I are as shown in figure 1(b),

in which the characteristic function I–β is plotted according

to equation (9). The I–V function can be derived from the

I–β function after taking into account equations (2)–(4) and

V = Ed, where d is the transverse width of the crystal.

For our EO measurements we have used, as a quiescent or

bias point on the I–β or the I–V characteristic of figure 1(b),

either of the following two specific working points: the first is

M0, representing the extinction (minimum-transmission) point,

and the second is M1, representing the maximum-linearity

(half-transmission) point. In the case of an ac voltage of

frequency f , added to the bias voltage Vdc, the first bias point

practically provides an I signal of frequency 2 f , and therefore

M0 is also called the frequency-doubling position.

4.2. Methods of measurements

In the present work, we have principally employed a novel,

elaborate technique of EO measurement that is based on the

electro-optic time response of a crystal to a step voltage

pulse. This method, which is able to provide (with one single

electric pulse) the values and the frequency dispersion curve

of an EO coefficient, is called the ‘time-response method’

or TRM [12]. The results thus obtained have been used to

determine the clamped and the unclamped coefficients, rS
22 and

rT
22, respectively, for various frequencies.

To apply the TRM method, the maximum-linearity point

M1 of the I–V transfer function is chosen as the bias

working point, which corresponds to 50% transmission, with

a quiescent output intensity equal to (Imax − Imin)/2. At this

working point, it is proven that, as a result of the EO effect

for the r22 configuration, a step voltage �V (t) induces in the

instantaneous value i(t) of the transmitted light intensity a

variation given by [9, 12].

�i(t) = (Im/2A)r22(t) ⊗ �V (t), (10)

where t is the time variable, ⊗ denotes the convolution

operator, A is an auxiliary constant (A = λd/πn3
0 L), and

Im = Imax − Imin, which represents the maximum change

of i over the transfer function. For any frequency f , the

frequency-dependent EO coefficient r22( f ) can be calculated

from the ratio of the quantities �i( f ) and �V ( f ) after

applying the Z -transformation on the signals �i(t) and �V (t)

of equation (10), which leads to the formula

r22( f ) = (2A/Im)[�i( f )/�V ( f )]. (11)

This technique, supported by appropriate computer-aided

processing, allows us to obtain the frequency dispersion of

the EO coefficient under consideration over a wide frequency

range. In our measurements, this range was from dc up to

150 MHz (the latter limit depending only on the rise time of

the voltage pulse employed).

On the other hand, for comparison purposes, we have

also measured r22 at dc and low frequencies using one of the

more precise classical methods [17], namely the ‘frequency-

doubling electro-optic method’, or FDEOM [11]. This very

accurate technique has been used to check, at low frequencies,

the precision and reliability of the results obtained by means of

the novel TRM method.

In the FDEOM method, by using an adjustable bias

voltage Vdc, the minimum-transmission point M0 of the

characteristic curve I–V (figure 1(b)) is continuously

established as the quiescent working point, while an ac voltage,

Vac, is applied to the EO crystal. If the photodetection

system (including the monitoring oscilloscope) is sufficiently

sensitive, a very clear and abrupt frequency doubling (2 f ) of

the ac photodetected output is observed on the oscilloscope

as soon as M0 is located by appropriately adjusting Vdc.

The FDEOM method allows us to determine, with increased

accuracy, the dc (static) or low-frequency EO coefficient r22

in the following way [11]: with an initial voltage Vdc =

V0, creating an electro-optically induced retardation Ŵ0, one

measures the azimuthal angle, β0 = Ŵ0/2, of the analyser

needed to achieve a clear frequency doubling of the waveform

on the oscilloscope screen. Then another dc voltage Vdc = V ,

creating a new value of retardation Ŵdc, is applied, as a result of

which the frequency doubling is distorted and a new azimuthal

angle of the analyser, β = Ŵdc/2, is found to be needed

for restoration of the frequency doubling. It is proven that
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Figure 2. Time waveform of the applied step voltage and the photodetected output intensity for the LT crystal: (a) long-time response and (b)
short-time response.

the dc or low-frequency EO coefficient, such as the r22 under

consideration, can be calculated by means of the equation [11]

r22 = 2A

(

δβ

δV

)

= A

(

δŴdc

δV

)

(12)

where δβ = β − β0 = δŴdc/2, with δŴdc = Ŵdc − Ŵ0 being

the electro-optically induced retardation, δVdc = V − V0, and

(for the r22 configuration) A = λd/πn3
0 L .

5. Experimental results

The electro-optic measurements under presentation have been

performed on a single 6 × 5 × 20 mm3 congruent LiTaO3 (or

LT) crystal using a 5 mW He–Ne laser beam at λ = 633 nm.

It is worth noting that these measurements were particularly

devoted to the EO coefficient r22 of LT, because this can

show off even better the precision and sensitivity capabilities

of the methods employed; at low frequencies, this coefficient

has a very small value, which is expected to be of the order

of 0.1 pm V−1 [15]. In addition, in the configuration used

for the measurement of r22, the laser beam propagates along

the optical axis and therefore there does not exist any typical

thermo-optic effect, which could falsify the EO measurements.

To implement the TRM method for the determination of

the EO coefficients r22 over the wide frequency range from dc

up to 150 MHz, in the system in figure 1 (biased at the point

M1) we have used a fast step-function generator offering a rise

time of 1 ns. Figure 2 depicts the waveforms recorded on the

oscilloscope for both the applied step voltage �V (t) and the

corresponding photodetected optical intensity signal �i(t).

Figure 2(a) illustrates the long-time response, obtained

with a voltage pulse of long duration, which corresponds to the

low-frequency EO effect. In this case, the amplitude (jump) of

the step voltage was limited to 100 V to avoid unacceptably

high thermal dissipation in the step-voltage amplifier due

to the large duration of the electric pulse. The relatively

small decline in the step pulse, observed in figure 2(a), was

unavoidable because of the non-zero RC constant of the high-

power electrical circuit, including the switched step-voltage

amplifier, the coaxial cables and the crystal under test (see the

equivalent circuit in [12]).

The short-time response, which is shown in figure 2(b),

corresponds to the high-frequency EO effect. In this case, to

have a larger dynamic range, for the step voltage we have used

a higher amplitude, of nearly 700 V. Such a high voltage was

acceptable because of the clearly lower thermal dissipation in

the electric circuit due to the short duration of the voltage pulse.

As seen from figure 2(a), in the long-time response the

output optical signal �i(t) appears to oscillate about a mean

value. The periods of the principal components of these

oscillations are equal to the inverse values of the frequencies

of the main piezo-electric resonances in the crystal. The

oscillations tend to decay after several tens of microseconds

and cease to exist for a time shorter than 0.2 µs, which is

the minimum time needed for propagation of the acoustic

waves throughout the crystal. This result was obtained after

appropriate signal processing of the output, including high-

frequency noise filtering and suppression of the temporal

shift from the unequal lengths of the electrical wires. Due

to the large length of the crystal (20 mm), and hence to

the long interaction between the light beam and the electric

field throughout the sample, the relatively low step voltage

that we have used was sufficient to achieve a satisfactory

signal-to-noise ratio, (S/N). It is also worth noting that the

amplitude (height) of the photodetected output pulse appears

very different between short-time and long-time responses,

which indicates that a large acoustic contribution to the r22

value should be expected.

Applying equation (11) to the data and the results plotted

in figures 2(a) and (b) together with the mathematical treatment

described previously in relation to equation (10), we have

determined the values of r22 for various frequencies. Using

these values, we have obtained the frequency dispersion curve

depicted in figure 3. This figure shows that, as is expected

normally, the unclamped EO coefficient rT
22 remains practically

constant over the whole frequency band below the main

resonances and there has a value equal to 0.1 pm V−1, which

has been found to be in good agreement with the value obtained
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obtained for the EO coefficient r22 in our LT sample.

by means of the FDEOM method. On the other hand, at

high frequencies, beyond 5 MHz and up to 150 MHz, the

clamped EO coefficient rS
22 is also found to be constant, with

a value equal to 1 pm V−1. This value is quite consistent with

the value found with other techniques applied to other crystal

samples [18].

Finally, we have determined r22 at dc or low frequencies

using the FDEOM method, with the configuration depicted

in figure 1. In this experiment, an ac (modulating) voltage

of 150 V p–p at 1 kHz has been employed in series with

a dc voltage V = Vdc adjustable from −300 to +300 V,

and vice versa. As seen in figure 4, the Ŵdc–V curve thus

obtained exhibits a markedly linear dependence of Ŵdc on the

applied dc voltage V , which proves the absence of higher-

order electro-optic effects in LT. As can be seen from [5],

this dependence is clearly more linear than that holding for

rc in LN. To increase the accuracy in the determination of

the (unclamped) EO coefficient r22, we have used the slope

δŴdc/δV of the entire curve (straight line) Ŵdc–V of figure 4

into equation (12). So, for r22 we have obtained a static (dc)

value equal to rT
22 = 0.1 pm V−1. This value is identical to

the result previously extracted by means of the TRM method

and is satisfactorily consistent with the values recorded in the

literature [15]. On the basis of equation (12), the relative error

in the determination of this coefficient can be calculated using

the formula

δr22

r22

=
δL

L
+

δd

d
+ 3

δn0

n0

+
δŴ

Ŵ
+

δV

V
. (13)

Substituting into this relationship the values of the various

relative errors estimated for our experimentation, we have

found δr22/r22 ≈ 2.6%.

6. Acoustic contribution and true EO effect in LT

The acoustic contribution r a
22 to the EO effect for the r22

configuration used in this work can now be determined if we

make use of equation (6), which yields r a
22 = rT

22 − rS
22.

From this formula, as we have found that rT
22 = 0.1 pm V−1

and rS
22 = 1 pm V−1, it is directly deduced that r a

22 =

−0.9 pm V−1. The negative sign of this contribution reflects

the fact that, in LT, the EO coefficient r22 is larger at high

frequencies (beyond 5 MHz). By contrast, this sign is positive
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Figure 4. Dependence of the electro-optically induced phase
retardation, Ŵdc, on the applied dc voltage, Vdc, as measured for our
LT crystal sample.

in LN, in which the high-frequency EO coefficient r22 is

smaller than its low-frequency value [12].

To attempt a theoretical verification of the above result, we

have calculated this contribution from the product p × d of the

elasto-optic and piezo-electric tensors, as can be derived from

equation (8). Substituting into this equation the values of the

required components of the above tensors holding for LT, as

available from the literature [19–21], for r a
22 we have found a

theoretical value equal to −0.8 pm V−1, and hence nearly 11%

different from the measured value.

In table 1, the measured value of the acoustic contribution

r a
22 for LT is listed in juxtaposition with its theoretical value,

calculated as above, and the corresponding values measured

and calculated for a pure congruent LN crystal [10], which has

been taken as a basis of comparison. In addition, to compare

relative values, in table 1 we have also recorded the acoustic

contribution r a
22 as a percentage (ratio r a

22/rT
22) of the dc or

low-frequency coefficient rT
22. From this table it is deduced

that, to within experimental errors, the theory of the piezo-optic

origin of the acoustic contribution, as presented in section 3,

is rather satisfactory for LT and even better for LN. It is also

worth noting that, as is seen, in LT the acoustic contribution

r a
22 is several times larger than the measured low-frequency EO

coefficient r22 itself. Accordingly, at low frequencies, in LT

this contribution considerably dominates and highly restrains

the apparent value of the r22 coefficient, which is not the case

for an LN crystal.

It is also interesting to deduce the ‘direct’ EO effect

expressing the straightforward influence of the electric field on

the refractive index. This can be made by subtracting from the

observed total effect the secondary, or ‘indirect’, effect due to

the crystal deformation [22]. The value of the EO coefficient

corresponding to the direct effect is the true value of r . Based

on the above, one can find the true value r ′′
22 of the unclamped

EO coefficient rT
22 by means of the relationship [16]

r ′′
22 = rT

22 − r ′ (14)

where r ′ designates the ‘indirect’ EO effect. On the reasonable

assumption that this effect is due only to the acoustic

contribution resulting from crystal deformation, we shall have

r ′ = r a
22 (as is derived from p and d tensors). Then, the

above formula with the data of table 1 yields, for rT
22, a true
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Table 1. Comparison between the EO coefficients and the acousto-optic difference rT
22 − rS

22, as derived from our results, and the elements of
the product p × d in a LiTaO3 crystal in juxtaposition with a LiNbO3 crystal.

Acoustic contribution r a
22

Unclamped Clamped
EO coefficient EO coefficient Measured Theoretical Relative

Crystal rT
22 (pm V−1) rS

22 (pm V−1) (rT − rS) (pm V−1) (p × d) r a/rT (%)

LiTaO3 0.1 ± 0.02 1 −0.90 −0.80 −900
(LT) (True value: 0.9)

LiNbO3 6.4 3.8 2.6 2.6 40
(LN) (True value: 3.8)

value r ′′
22 equal to 0.9 pm V−1 for LT and 3.8 pm V−1 for LN.

Accordingly, these two true values are of a nearly similar order

of magnitude, which is not the case for the corresponding total

(apparent) values.

7. Conclusions

In the main part of this work, which is focused on the

isolation of the contribution due to the acoustic-optic effect,

we have measured the clamped and unclamped values of the

EO coefficient r22, and determined the corresponding acoustic

contribution r a
22, in a long congruent LiTaO3 (or LT) crystal.

These measurements have been made using accurate and/or

elaborate methods, namely the step-voltage TRM and the

FDEOM methods.

By applying the TRM method, the EO frequency

dispersion curve r22 = r( f ) has been derived for the LT

crystal under consideration. This dispersion curve has been

found, in general, to be similar to that recently reported in [10].

However, possibly due to the large length of our crystal, in

the present curve there exists a slight displacement of piezo-

resonaces to lower frequencies, together with a shift of the

high-frequency plateau to the higher frequencies.

From the above dispersion curve, the low-frequency

(unclamped) and high-frequency (clamped) values rT
22 and

rS
22, respectively, of the LT crystal have been extracted with

satisfactory accuracy. Also, the unclamped coefficient rT
22 has

been determined using the highly accurate FDEOM method,

and very good linearity has been ascertained for the EO effect

in the r22 configuration. These results proved to be quite

consistent to each other and to those already reported in the

literature.

Using the values of rT
22 and rS

22 thus extracted in the

formula r a
22 = rT

22 − rS
22, it has been deduced that, in LT, the

acoustic contribution r a
22 is negative and significantly stronger

(nine times higher) than rT
22. As a result of that, in LT the

acoustic contribution largely suppresses the underlying EO

effect, for which we have calculated a true rT
22 value equal

to 0.9 pm V−1, while the corresponding apparent (observed)

value is only 0.1 pm V−1. This is not the case for LN, in which

the acoustic contribution is positive and less (40% lower) than

the apparent rT
22 value, which is equal to 6.4 pm V−1, with a

true value of 3.8 pm V−1 (note that the comparison between

LT and LN and all values reported for LN refer to crystals with

congruent composition).

Finally, the acoustic contribution measured as above has

been compared with its value calculated from the product p×d

of the elasto-optic and piezo-electric tensors. In LT, a non-

negligible discrepancy of 11% has been observed between

measured and calculated values, whereas in LN complete

coincidence has been found between them. This fact could be

attributed possibly to the coexistence in LT of additional side

effects, besides those caused by the crystal deformation only.
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