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ABSTRACT We report the dependence of the high and low-
frequency values of the linear electro-optic (EO) coefficient
rc = r33 − (no/ne)

3r13 of Sr0.6Ba0.4Nb2O6 (SBN:60) single
crystal on the laser wavelength. The EO response has been car-
ried out from dc to 150 MHz for four wavelengths ranging from
465 to 1321 nm. The clamped rS and unclamped rT coefficients
have been determined and their dispersions as a function of
wavelength have been established and discussed.

1 Introduction

Thanks to their electro-optic (EO) and photorefrac-
tive properties, strontium barium niobate (SrxBa1−xNb2O6,
SBN:x) mixed crystals are attractive ferroelectric materials
for various applications such as holographic storage, optical
switching and modulation [1–4]. Single crystals of good op-
tical quality can be grown in several compositions 0.25 < x <

0.75 and thus with varying properties [5]. In addition, the
SBN:x thin films have received more attention and consid-
erable effort has been made in the past years to grow high-
quality films due to their potential application to integrated
signal wave-guiding and EO devices [6, 7].

As the other physical properties, the EO coefficients in
SBN single crystals strongly depend on the Sr/Ba ratio [8, 9].
Some discrepancies between these results have been reported
even for the congruent composition x = 0.60 [10–15]. It is
pointed out that so far all EO data have been obtained with
a low-frequency applied electric field, for which the piezo-
electric effect and the space charge field can play import-
ant roles in the EO response and are strongly dependent on
the sample and external conditions. Therefore it is import-
ant to measure the EO coefficient at high frequencies above
the piezo-resonances. This high-frequency or constant-strain
(clamped) coefficient rS is the true EO coefficient due to the
direct modulation of the indices by the applied electric field.
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This is in contrast to the low-frequency or constant-stress (un-
clamped) coefficient rT, which in addition, includes the con-
tribution of lattice deformation by the electric field. As a con-
sequence we have carried out EO measurements as a function
of frequency in a wide range and we report for the first time
the clamped EO coefficient values. Likewise, as linear opti-
cal properties, the EO coefficients are expected to be strongly
dependent on the wavelength λ of the laser beam. Thus we
have also measured the λ-dependence of the low and high-
frequency EO coefficients for four laser wavelengths ranging
from the visible to near infrared. Indeed it is important for
photorefractive properties to establish this behavior. Finally,
within a simple model we have achieved the λ-dependence
of the EO coefficient from 0.3 up to 2 µm. In our study we
paid attention to the EO coefficient rc = r33 − (no/ne)

3r13,
which is mainly used for phase or amplitude modulation of the
laser beam. The measurements were performed on a congru-
ent SBN:60 single crystal with high optical quality obtained
by a double-crucible Stepanov method [16], and using two
different techniques in order to obtain reliable results.

2 Experimental

Two different methods based on the Sénarmont
setup are used to measure the EO coefficients and are briefly
described as follows. Within the modulation depth method
(MDM) associated with the point M1 of the transfer function
(Fig. 1), the so-called linear working point corresponding to
50% transmission (Imax − Imin)/2 can be used to determine the
unclamped EO coefficient as a function of frequency. Meas-
uring the peak-to-peak amplitude ipp of the modulated signal
at the point M1, the EO coefficient can be derived from the
following equation [17]:

reff(ν) =
2λdipp(ν)

πn3
eff I0 LVpp(ν)

. (1)

Here, I0 = Imax − Imin represents the total intensity shift of
the transfer function, L is the length of the crystal along the
beam-propagation direction, d is the sample thickness along
the applied electric field direction, neff is the refractive index,
λ is the laser wavelength, and Vpp is the peak-to-peak value of
the applied ac field at the frequency ν.

The second method, the time response method (TRM),
consists in measuring the EO crystal response to a voltage step
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FIGURE 1 Optical transmission function of Sénarmont setup vs. the angle
of the analyzer β. The point M0 is the minimum transmission point for which
the frequency of the output optical signal is twice the frequency of the applied
electric field. M1 is the 50% transmission point yielding the linear replica of
the ac voltage

(rise time of a few nanoseconds) [18]. The optical response at
a short time leads to the clamped coefficient rS, while the op-
tical response at a longer time provides the coefficient rT. At
the operating point M1, the time dependence of the variation
of the transmitted beam intensity ∆i(t) is related to the applied
voltage ∆V(t) by:

∆i(t) =
πn3

eff I0 L

2λd
rc

⊗

∆V(t) , (2)

where
⊗

is the convolution operator. The frequency disper-
sion of the EO coefficient can be derived from the ratio of
the quantities ∆i(ν) and ∆V(ν), which are obtained by the Z-
transform of the measured signals ∆i(t) and ∆V(t):

reff(ν) =
2λd∆i(ν)

πn3
eff I0 L∆V(ν)

. (3)

We have shown [18] that this technique allows to obtain the
frequency dispersion of the EO coefficient from dc up to at
least 150 MHz. This maximum depends only on the rising
time of the voltage pulse. It is to be mentioned that the values
of the coefficients obtained by these two techniques are abso-
lute values.

3 Results and discussion

We show in Fig. 2 data of both the applied voltage
and the optical signal (for two different time scales) recorded
within the TRM at a wavelength of 633 nm. In the long-time
range the optical signal oscillates with a period that corres-
ponds to the main piezo-electric frequency resonances. The
oscillations are vanishing for time longer than several hundred
µs. They disappeared for time shorter than 0.2 µs since the
acoustic waves need more time to propagate across the crys-
tal. The amplitude values of the signal at short time and long

FIGURE 2 Measured response to a step voltage at different time scales of
the EO coefficient rc in the SBN:60 single crystal. Measurements were per-
formed at the wavelength of 632.8 nm

time are nearly constant and correspond to the EO coefficients
rS

c and rT
c , respectively.

The frequency dispersion of the EO coefficient rc can be
derived, according to (3), from the ratio of ∆i(ν) and ∆V(ν),
which were obtained by the Z-transform of the ∆i(t) and
∆V(t) signals shown in Fig. 2. The results at the wavelength
of 633 nm, as well as those corresponding to the dielectric
permittivity measured along the c-axis, are plotted in Fig. 3.
The dependencies of the EO coefficient rc and the dielectric
permittivity ε33 are flat on both sides of the piezo-electric res-
onances. The values of the flat parts at low and high frequency
give rS

c = 155 pm/V and rT
c = 210 pm/V, respectively. The

low-frequency values of the coefficient rT
c as obtained by the

FIGURE 3 Frequency dispersions of the EO coefficient rc as deduced from
time response measurements and of the dielectric permittivity ε33 measured
within an impedance analyzer
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EO coefficient Present Work Literature
(pm/V) (λ = 1.3 µm) (λ = 633 nm) (λ = 633 nm)

rT
c 167±10 210±13 190a [11], 200a [1], 190a [8], 304 [10]

rS
c 117±6 155±10 –

rT
33 197±20 223b 235 [11], 237 [1], 235 [8]

rT
13 27±3 30b 46.7 [11], 37 [1], 47 [8]

ra
c = rT

c − rS
c 50±10 55±13 57–60c [1, 19]

a Values deduced from rT
13 and rT

33 measurements;
b Values deduced according to the model described by (4);
c Values derived from elasto-optic and piezo-electric coefficients reported in the literature via the calculation

of the relationship

(

(p11 + p12)−2
(

no
ne

)3

p31

)

d31 +

(

p13 −

(

no
ne

)3

p33

)

d33

TABLE 1 Absolute values of the EO co-
efficients rT

13, rT
33, rT

c , rS
c and ra

c in SBN:60
measured at 633 and 1321 nm and at room
temperature

two different methods (TRM and MDM techniques) are close
to each other within the experimental errors, and are in agree-
ment with the values deduced (using the relation rc = r33 −

(no/ne)
3r13) from the measurements of rT

13 and rT
33 reported

in the literature (see Table 1). On the contrary, we note a dis-
crepancy between our results and those obtained in [10] by
a direct measurement. We stress that the frequency dispersion
of the EO coefficient has not yet been investigated and the
high-frequency EO coefficient rS

c is thus for the first time re-
ported. Its value, equal to 155±10 pm/V, is very large so that
the SBN crystal can be efficiently used for EO modulation
above the piezo-resonances within a large frequency range.
Both EO and dielectric coefficients exhibit the same behavior
with frequency. This shows that both properties are linked and
the piezo-electric is responsible for the large step between low
and high-frequency values.

For the EO coefficient this difference between rT
c and rS

c

is found to be ra
c = 55 ±13 pm/V, which provides the acous-

tic contribution to the EO coefficient. This contribution arises
from the combination of piezo-electric and elasto-optic ef-
fects and can be calculated from the associated coefficients.
From the values of elasto-optic and piezo-electric coefficients
reported in the literature [1, 19] for SBN:50 and SBN:75 we
estimated the value of ra

c to 57 and 60 pm/V respectively,
close to our direct experimental data in SBN:60 (see Table 1).

FIGURE 4 Transmission spectra of SBN:60 single crystal obtained for un-
polarized light propagating along the x-axis of the crystal. The Fresnel losses
are not taken into account

This consistency reinforces the validity of our experimental
results obtained at high frequency since rS

c = rT
c − ra. In add-

ition with the direct measurement of rc we have obtained the
values of rT

13 and rT
33 by means of a Mach–Zehnder inter-

ferometer and the MDM method. We found rT
13 = 27 pm/V

and rT
33 = 197 pm/V at the wavelength of 1341 nm. Using

the relation rc = r33 − (no/ne)
3r13, these values yield rT

c =

168 pm/V, in good agreement with this measured directly at
1321 nm, rT

c = 167 pm/V.
The linear optical properties of SBN strongly depend on

the wavelength in the visible range, as shown by the refractive
indices [20] and the transmission spectra reported in Fig. 4.
Therefore the dependencies of both rT

c and rS
c EO coefficients

were investigated for several wavelengths: 465 nm, 514 nm

of an Ar laser, 633 nm of a He-Ne laser, and 1321 nm of
a Nd:YAG laser. The complete set of results is reported in
Fig. 5. We note a strong increase of the rT

c and rS
c values for

wavelengths approaching the absorption edge (see Fig. 4).
Moreover, this increase is even larger for rT

c than for rS
c , in-

dicating that the acoustic contribution ra
c is dependent on the

wavelength.
From these measurements, it is possible to establish

the λ-dependence of the EO coefficients, within a sim-
ple model [21] based on non-linear optical (NLO) interac-
tions [22]. It is well known that the EO process can be treated

FIGURE 5 Dispersion of the effective EO coefficient rS
c and rT

c in SBN:60
single crystal. The dots correspond to the measured values and the line is the
calculated dispersion obtained via our model
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Polarization direction A B C λ0i aT
ijk aS

ijk

of the light-beam (µm2) (µm2) (µm) (mV−1s−2) (mV−1s−2)

X 5.002 0.1272 0.052 0.35 2.25×1020 2.2×1020

Z 4.8866 0.1187 0.048 0.35 17.3×1020 12.9×1020

TABLE 2 Values of the parameters used in our study. A, B and C are the Sellmeier coefficients [20]. The terms λ0i , aT
ijk and aS

ijk are the parameter values

of the model used to fit the wavelength dispersion of the clamped and unclamped rc EO coefficient in the SBN:60 single crystal

as a NLO interaction with a low-frequency (modulation)
electric field and a high-frequency (laser) field so that the
EO coefficient rijk(λ) is a particular case of the non-linear
second-order susceptibility χ(2)(λ+ν; λ; ν), in which ν is the
modulation frequency. We can show that [21] the wavelength
dispersion of the clamped and unclamped EO coefficient can
be described by:

r
T(S)
ijk (λ) = −

(n2
j (λ)−1)λ2

0iλ
2

2π2c2n2
i (λ)n2

j (λ)
(

λ2 −λ2
0i

)a
T(S)
ijk , (4)

where a
T(S)
ijk is a parameter depending on the modulation fre-

quency only, so that it has different values whether the modu-
lation frequency is below (rT) or above (rS) piezo-resonances.
The term c is the speed of the light in vacuum and λ0i repre-
sents the wavelengths corresponding to the different absorp-
tion edges.

In (4) n(λ) is the refractive index dispersion described by
a conventional Sellmeier equation as:

n2(λ) = A +
B

λ2 −λ2
0

−Cλ2 , (5)

where A, B and C are the Sellmeier parameters. It is to be
pointed out that our model described by (4) provides the wave-
length dependence of the linear EO coefficient from the know-
ledge of the dispersion of the linear indices, with only one
adjustable parameter. First we obtain the dispersion of the
refractive indices derived from the data reported in the litera-
ture [20] and the parameter values reported in Table 2. Then
from the values of both EO coefficients rT and rS measured
at 1.3 µm, we obtain the values of aT

ijk and aS
ijk, respectively,

and we derive the wavelength dependencies plotted in Fig. 5.
A remarkable agreement between experimental and calcu-
lated values is achieved for both low and high-frequency coef-
ficients. It is also to be noticed that our calculated value of rT

c

at 549 nm is consistent with the value deduced from the meas-
urements of rT

13 and rT
33 at λ = 549 nm by Trivedi et al. [15].

Furthermore, we derived, from our model and the procedure
described above, the values of the EO coefficients rT

13 and rT
33

at λ = 633 nm. These values, reported in Table 1, are in good
agreement with those of the literature and thus prove out the
validity of our model.

4 Conclusion

We reported reliable measurements of the electro-
optic coefficients in SBN:60. Especially, the high-frequency
value of the EO coefficient rc is provided for the first time,
and its dependence on the wavelength, in the visible and near
infrared (up to 2 µm) range, is determined within a simple
model and data recorded at four discrete wavelengths.
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