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a b s t r a c t

Large Kerr effect in 0.92Pb(Mg1/3Nb2/3)O3–0.08PbTiO3 (PMN–0.08PT) single crystal has been observed.
The effective quadric electro-optical coefficient (R11 − R12) of PMN–0.08PT single crystal is measured
by a Senarmont compensator method. The refractive indices and extinction coefficient of PMN–0.08PT
single crystal ranging from 300 to 1700 nm have been measured by variable angle spectroscopic ellip-
sometry (VASE). The transmission character of PMN–0.08PT single crystal in the range of 300–2200 nm
has been investigated by UV–visible–NIR spectrometer. The transmission ratio is 65% in the range of
6.40.Cd
2.25.Lc

eywords:
MN–0.08PT single crystal
efractive indices

600–2100 nm and the calculated reflection loss is about 20%. The effective quadric electro-optical coef-
ficient (R11 − R12) is calculated to be 8.19 × 10−16 m2 V−2 and the n3(R11 − R12) is 141.8 × 10−16 m2 V−2 at
514.5 nm, respectively. The V� of the sample is 632 V.

© 2010 Elsevier B.V. All rights reserved.
ransmission spectrum
uadratic electro-optic coefficient

. Introduction

Optical materials with large electro-optic (EO) coefficients are
ighly desirable for uses in optical communications, optical signal
rocessing, and other commercial applications. In many EO appli-
ations, the modulation of light is usually based on the Pockels
ffect (first-order EO effect) or on the Kerr effect (second-order
O effect). The relaxor ferroelectric crystals (1 − x)PMN–xPT are
ery well known for its high electromechanical coupling factor,
iezoelectric coefficients and field induced strain response [1,2].
arge linear EO coefficients in (1 − x)PMN–xPT (x = 0.24–0.40) sin-
le crystals near the morphotropic phase boundary (MPB) have
een reported in recent years [3,4]. Remarkable quadratic electro-
ptic coefficient of PMN–xPT (0.15 ≤ x ≤ 0.4) thin films also have

een found by Lu et al. [5]. These optical properties have been
ttributed to a phase transition between the tetragonal and the
hombohedral phases due to the electric field, which is associated
ith large changes in the crystal lattice constants and the refractive
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index [6–9]. However, the quadric EO coefficients of cubic phase
(1 − x)PMN–xPT (x < 0.1) single crystals have not been reported. For
there is a phase transition between the cubic and the rhombohe-
dral phases in (1 − x)PMN–xPT (x < 0.1) single crystals near room
temperature, electric-field may induce large change in refractive
index of the cubic (1 − x)PMN–xPT (x < 0.1) single crystals. In this
letter, the Kerr effect of PMN–0.08PT single crystal was investi-
gated by a modified Senarmont compensator method. The effective
quadric electro-optical coefficient and half-wave voltage are cal-
culated. The refractive indices and transmission character of the
single crystal were studied and the reflection loss was also dis-
cussed.

2. Experimental procedure

Large size and high quality PMN–0.08PT single crystal was grown by modified
Bridgman method [10,11]. The single crystal was oriented using X-ray diffractome-
ter. For VASE measurement, the sample was cut along 〈0 0 1〉 direction. The surface
for light reflection was optically polished. The VASE measurement was carried out in
the wavelength range of 300–1700 nm with 5 nm steps at incidence angle of 65◦ by

a W-VASE32 TM Ellipsometer with synchronously rotating polarizer and analyzer at
room temperature. For transmission measurement, the incident light was perpen-
dicular to the (0 0 1) faces. Transmission spectrum was measured by a JASCO’s V-570
UV–visible–NIR spectrometer in the wavelength range from 300 to 2200 nm at room
temperature. EO measurement was performed by a modified Senarmont setup as
shown in Fig. 1. The sample was cut into cube with 3 mm × 3 mm × 6 mm. The E

dx.doi.org/10.1016/j.jallcom.2010.06.068
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Experiment arrangement of the optical and e

eld was applied across the 〈0 0 1〉 direction (3 mm thickness) and the incident light
ropagated along the 〈1 0 0〉 direction (6 mm thickness). The polarization direction
f polarizer was set at 45◦ to the principal c axis of the crystal. Thus the quadric EO
oefficient is defined by, (R11 − R12) = �n/(1/2)n3E2, where �n is the induced bire-
ringence, n is the refractive index of the undistorted indicatrix (R11 − R12) is the
ffective quadratic electro-optic coefficient, and E is the applied field.

. Results and discussion

.1. Refractive indices and dispersion equation

The refractive indices at different wavelength of PMN–0.08PT
ingle crystal were investigated by the spectroscopic ellipsome-
ry. The theory for ellipsometric analysis is based on the Fresnel
eflection or transmission equations for polarized light encounter-
ng boundaries in planar multi-layered materials. These come from
olutions to Maxwell’s equations. The ellipsometry measurements
re normally expressed in terms of Psi (� ) and Delta (�):

= tan(� ) · ei� = rp

rs
(1)

here rp and rs are the complex Fresnel reflection coefficients for

− (in the plane of incidence) and s− (perpendicular to the plane
f incidence) polarized light, respectively. Spectroscopic ellipsom-
try (SE) measures the complex ratio as a function of wavelength.
or bulk isotropic sample investigated here, its complex refractive
ndex (ñ = n + ik) can be revealed automatically by comparing the

Fig. 2. The refractive indices and extinction coefficients of PMN
nic components in the modified Senarmont system.

computer modeling data with the experimental data [10–12]. Fig. 2
shows the wavelength dependence of the refractive indices and
extinction coefficients at room temperature for PMN–0.08PT sin-
gle crystal, respectively. The result shows that PMN–0.08PT single
crystal has lager refractive indices at different wavelength and the
refractive indices and extinction coefficients strongly depend on
the wavelength especially in the UV region. This is similar to other
ABO3-type perovskite structure compounds [13,14]. The extinc-
tion coefficients decrease and become small when the wavelength
is above 500 nm. This indicates that PMN–0.08PT single crystal is
transparent in the visible light region. Because of the similar BO6
octahedron unit structure, they have analogous energy band struc-
ture determining the refractive indices [13,14].

From the well known simple dispersion theory, the refractive
index can be given by typical Sellmeier dispersion equation:

n2 = A + B

�2 − C
− D�2 (2)

where A, B, C and D are all constants and � is wavelength in microns.
These constants can be obtained by the least squares fitting of the

equation with the refractive indices measured by VASE. Thus the
Sellmeier dispersion equation of n for PMN–0.08PT is

n2 = 5.8255 + 0.191154
�2 − 0.042151

+ 0.022096�2 (3)

–0.08PT single crystal measured at different wavelengths.
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Fig. 3. Transmission ratio and reflection loss of PMN–0.08PT single crystal.

y the dispersion equation, the refractive indices of PMN–0.08PT
ingle crystal can be calculated. For example, at the wavelength of
14.5 nm, n = 2.5869.

.2. Transmission spectrum

The transmission spectrum of the sample with 2.40 mm thick-
ess is shown in Fig. 3. The crystal is transparent in visible region;
he curves roll off in near 450 nm. The transmittance begins to
ncrease abruptly at around 400 nm, indicating an optical absorp-
ion edge in ultraviolet region, and continues into the IR region
ithout any obvious change. In the range of 500–2100 nm the

ransmission ratio of PMN–0.08PT single crystal is about 65%. This
s similar to what was observed for most crystals with oxygen-
ctahedral perovskite structure [3,4].

From the transmission characterization, it shows that the opti-
al absorption is very small at higher wavelength range. In general,
ptical transmission relates to reflection losses and scattering
osses. The reflection loss of the light at two surfaces was calcu-
ated using the refractive indices and by the Fresnel expression
= (n − 1)2/(n + 1)2 and was also shown in Fig. 3. For PMN–0.08PT

ingle crystal has large refractive indices, the reflection loss is near
0%. It is well known that (1 − x)PMN–xPT (x < 0.1) single crystals
re far away from the MPB phase. Thus high optical qualities and
isible domains-walls free (1 − x)PMN–xPT (x < 0.1) single crystals
ay easier to obtained than (1 − x)PMN–xPT (x = 0.24–0.40) single

rystals near MPB phase.

.3. Quadratic electro-optic coefficient

At room temperature, the PMN–0.08PT single crystal has pseudo
ubic structure [15]. When the polarization direction of the incident
ight is set at 45◦ to the natural birefringence axes of the sample, the
ffective change for the refractive index in the Senarmont system
s

n = 1
2

n3(R11 − R12)E2 (4)

here �n is the induced birefringence, n is the refractive index
f the undistorted indicatrix, (R11 − R12) is the effective quadratic
lectro-optic coefficient, and E is the applied field.
A dynamic (ac) method was employed to measure the effective
uadric EO coefficients for it is more precise and sensitive than

he static (dc) method [18]. In the Senarmont system described
bove, the equation of the transfer function of the light intensity
Fig. 4. Modulated transmitted intensity curve as function of applied voltage V.

transmitted through the setup can be written as [16]:

T =
(

I

I0

)
= T0 sin2

[(
�

2

)
− ˇ

]
(5)

where I0 is the incident light intensity, I is the output light inten-
sity and T0 is the transmission factor expressing the losses of light
throughout the system. When the condition � m < 0.1 rad is satis-
fied, with a treatment of the transmission Eq. (5) by means of Bessel
functions, the amplitude of the modulated intensity signal at the
maximum linearity point is equal to [17]

Im = Iω ≈
(

T0I0
2

)
�m (6)

In practice, the optical signal is converted to a voltage change
through

v = S0Im and vp−p = S0T0I0 (7)

where S0 is the constant of photo-response of the photodetection
system. If the transmission factor T0 is completely compensated,
the phase retardation � m induced by the applied field can be deter-
mined from Eqs. (6) and (7) by

�m = 2v
vp−p

(8)

Thus the effective EO coefficient can be calculated from

(R11 − R12) = �d2�m

�n3LVm
2

(9)

where � is the incident light wavelength, d is the electrode spac-
ing, L is the length along the light path, n is the reflective index
at the incident light, and Vm is the maximum value of the applied
ac field. The transmitted intensity dependence on applied voltage
of PMN–0.08PT single crystal is shown in Fig. 4. Thus (R11 − R12)
and n3(R11 − R12) are calculated to be 8.19 × 10−16 m2 V−2 and
141.8 × 10−16 m2 V−2 at 514.5 nm,respectively. Quadric EO coeffi-
cient of some optical materials is also listed in Table 1 [5,17–19].
We can see that PMN–0.08PT single crystal has a larger quadric
EO coefficient. It is more than two times than that of PLZT ceram-
ics, which already has been used in variable optical attentunator
[18]. When � m = �, Vm is defined as half-wave voltage (V�) and it
is calculated to be 632 V by Eq. (9). The reason for the large quadric
EO coefficient of PMN–0.08PT single crystal is the TC of the crys-
tal is very close to the room temperature and ferroelectric usually

have large quadratic EO effect at the temperature around TC. It
maybe the electric-field could easily induce a changing in the crys-
tal lattice constants and the refractive index of the crystal near this
temperature.
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Table 1
Quadric EO coefficient of some materials.

Quadric EO materials n3(R11 − R12) × 10−16(m2/V2) (R11 − R12) × 10−16 (m2/V2) Reffect × 10−16 (m2/V2) n Reference

Pb(Mg1/3Nb2/3)O3 (ceramics) 24.2a 2.56 [17]
Pb1−xLax(ZryTi1−y)1−x/4O3(ceramics) 2.8b [18]
(Pb,La)(Zr,Ti)O3(films) 1.0c [19]
PMN–xPT (films) 1.32c [5]
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PMN–0.08PT (crystal) 141.8

a � = 624 nm.
b � = 1550 nm.
c � = 632.8 nm.

. Conclusion

The refractive indices PMN–0.08PT single crystal has been
easured by spectroscopic ellipsometry in wavelength range

rom 300 to 1700 nm. Like other oxygen-octahedra ferro-
lectrics, the refractive indices of PMN–0.08PT single crystal
re large strongly depend on the wavelength. The transmission
atio of PMN–0.08PT single crystal in range of 600–2200 nm
s near 70% and the calculated reflection loss is about 20%.
MN–0.08PT single crystal has a large effective quadric electro-
ptical coefficient (R11 − R12) at the room temperature, which
s near its TC. High transparent and large EO coefficient make
MN–0.08PT single crystal to be a promising candidate in optical
evices.
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