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a b s t r a c t

The ternary relaxor-based ferroelectric single crystal 0.24Pb(In1/2Nb1/2)O3–0.49Pb(Mg1/3Nb2/3)
O3–0.27PbTiO3 (0.24PIN–0.49PMN–0.27PT) poled along [111]c has remarkable optical properties. Its
Curie temperature Tc is 168 �C determined by the dielectric constant measurement. Optical transmission
spectra were recorded at both room temperature and 200 �C. The optical absorption edge at 200 �C has an
obvious red-shift compared with that at room temperature, the bandgaps were determined to be
Eg = 3.18 eV and 2.95 eV at room temperature and at 200 �C, respectively. Parameters for the Varshini
equations are: Eg(0) = 3.27 eV, a = 1.62 � 10�3 meV/K and b = 1315 K. We have obtained the refractive
indices and the extinction coefficients in the single-domain state. The parameters of room temperature
monomial Sellmeier oscillator were also derived.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Relaxor-based ferroelectric single crystals (1�x)Pb(Mg1/3Nb2/3)
O3–xPbTiO3 (PMN–PT) have been extensively studied due to their
extraordinary large electromechanical coupling coefficients
(k33 > 90%) and piezoelectric coefficient (d33 � 1500–2500 pC/N)
[1–3]. However, their relatively low Curie temperatures
(130–170 �C) and low coercive field lead to poor temperature
stability, restricting operating temperatures and limiting their
applications to low field devices. The ternary xPb(In1/2Nb1/2)
O3–(1�x�y)Pb(Mg1/3Nb2/3)O3–yPbTiO3 (PIN–PMN–PT) single crys-
tal system has about 30 �C higher rhombohedral–tetragonal phase
transition temperature and about 2.5 times higher coercive field
compared to that of PMN–PT single crystals. More importantly,
their piezoelectric properties are just as good as PMN–PT single
crystals [4–7]. It has been reported that 0.24PIN–0.49PMN–
0.27PT single crystal can be poled into single-domain state and
has remarkable optical properties [8–10], which indicates that
0.24PIN–0.49PMN–0.27PT may be used as optical material when
poled along [111]c. Thus, more in-depth basic optical study on this
single domain single crystal is very meaningful.

In this work, we report a systematical study on the optical prop-
erties of [111]c poled rhombohedral phase 0.24PIN–0.49PMN–

0.27PT single domain single crystal. The difference of the optical
transmittance spectra measured at room temperature and 200 �C
has been interpreted based on direct optical interband transition.
The refractive index and extinction coefficient were also measured
to calculate the parameters of room temperature monomial Sell-
meier oscillator.

2. Experimental procedure

High-quality PIN–PMN–PT single crystals used in this work for
the dielectric, optical transmittance, refractive index and extinc-
tion coefficient measurements were grown by the modified Bridg-
man method (H.C. Materials, Inc., Bolingbrook, IL, USA). Samples of
desired geometries were cut from the same slice perpendicular to
the growth direction of a crystal boule. The sample was oriented by
the Laue back reflection method [11,12] with an accuracy of ±0.5�
and cut along the main crystallographic directions

½110�L � ½112�W � ½111�T in the pseudo-cubic coordinates. The
dimensions of the sample are 5.0L � 4.3W � 0.6T mm3. The sample
was sputtered with gold electrodes on the [111] and ½111� sur-
faces, and poled in silicone oil with a field of 10 kV/cm at room
temperature. Then, the electrodes on the larger surfaces of the
sample were polished off for optical measurements.

The Curie temperature Tc was determined by the temperature at
the maximum of dielectric constant using an Agilent E4980A
precision LCR meter at 1 kHz. Optical transmission spectra of the
[111]c poled 0.24PIN–0.49PMN–0.27PT single crystal was re-
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corded at both room temperature and 200 �C in the wavelength
range of 350–900 nm with 1 nm interval using a UV–VIS–NIR spec-
trophotometer. The refractive index and extinction coefficient
were measured using a spectroscopic ellipsometer at room tem-
perature to calculate the parameters of monomial Sellmeier
oscillator.

3. Results and discussion

3.1. Dielectric measurement

Fig. 1 shows the dielectric constant e33 (in unit of eo) and dielec-
tric loss tand as a function of temperature for [111]c poled rhom-
bohedral 0.24PIN–0.49PMN–0.27PT single crystal at 100 Hz, 1 kHz
and 10 kHz. The dielectric constants exhibit obvious frequency dis-
persion, which demonstrates this system is relaxor single crystal. It
can be seen that the Curie temperature of the 0.24PIN–0.49PMN–
0.27PT single crystal is 168 �C and the rhombohedral–tetragonal
phase transition occurs at TR–T = 134 �C. The dielectric constant
and dielectric loss at 1 kHz were found to be 533.8 and 0.005,
respectively, at room temperature. The X-ray powder diffraction
spectrum of 0.24PIN–0.49PMN–0.27PT single crystal at room tem-
perature with corresponding diffraction indices was shown as the
insert in Fig. 1. It is clear that the single crystal has perovskite
phase structure.

3.2. The transmission spectra at different temperatures

The transmission spectra of [111]c poled 0.24PIN–0.49PMN–
0.27PT single crystal in the [111]c direction have been measured
in near UV and visible light regions at room temperature and at
200 �C, as shown in Fig. 2. The sample is transparent in visible
and near infrared region based on the optical transmission spectra,
but becomes completely opaque at about 400 nm, which corre-
sponds to the optical absorption edge. It is noted that the main con-
tribution of optical loss comes from the bandgap absorption as well
as domain wall scattering. Hence, the transmittance at 200 �C is a
little higher than that at room temperature because the single crys-
tal is in paraelectric phase with no domain walls. For the rhombo-
hedral 0.24PIN–0.49PMN–0.27PT single crystal, when the poling
electric field is applied along [111]c, the single domain region en-
larges and the transmittance becomes much higher. The value of
the transmission spectrum at room temperature becoming very
close to that at 200 �C means that the single crystal has been poled
into single-domain state. In addition, the optical absorption edge of

0.24PIN–0.49PMN–0.27PT single crystal at 200 �C has an obvious
redshift compared with that at room temperature, so that the band-
gap is a function of temperature, which can be well fitted to the
Varshni equation [13],

EgðMÞ ¼ Egð0Þ �
aM2

M þ b
; ð1Þ

where M is temperature in Kelvin, Eg(0) describes the bandgap en-
ergy at zero temperature, Eg(M) is the optical bandgap energy at M
Kelvin, a and b are known as Varshini’s fitting parameters, which
can be calculated using the optical bandgap energies at various
temperatures.

The wavelength dependence of the absorption coefficient was
computed and the energy bandgaps were calculated in direct tran-
sition for the single crystal at room temperature and at 200 �C. The
optical absorption coefficient a can be calculated from [14],

a ¼ �1
T

ln
�ð1� RÞ2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� RÞ4 þ 4R2T2

r

q

2R2Tr

; ð2Þ

where Tr is the transmittance, R is the surface reflectivity, and T is
the thickness of the sample.

For optical interband transitions, the absorption coefficient a is
deemed to be zero in the near infrared range, where Tr becomes a
constant because of the very low photon energy. In this case, Eq.
(2) reduces to Tr = (1 � R)/(1 + R), and this offered a means to derive
the value of R.

The optical bandgaps can be estimated by the predominant
mechanism of the band to band transitions. In the allowed direct
transition, the electrons in the valence band transit vertically to
the conduction band only under the action of photons. The absorp-
tion coefficient as a function of photon energy in the allowed direct
transition can be expressed as [15]

a ¼ A
hv ðhv � EgÞ1=2

; ð3Þ

where A is a constant, v is the frequency, h is the Planck constant
and Eg is the allowed direct energy gap.

The plot of the (ahv)2 vs. hv for the single crystal is shown in the
inset in Fig. 2. By extrapolating the linear portion of the curve to
zero, the direct bandgap energies of the sample at room tempera-
ture and at 200 �C were determined as Eg = 3.18 eV and 2.95 eV,
respectively, and the variation tendency of the bandgap energies
coincides with Eq. (1). The parameters in Eq. (1) obtained from fit-

Fig. 1. Temperature dependence of dielectric constant and dielectric loss at 100 Hz,
1 kHz and 10 kHz for 0.24PIN–0.49PMN–0.27PT single crystal. Insert: X-ray powder
diffraction spectrum at room temperature with corresponding diffraction indices.

Fig. 2. Transmission characteristics in UV and visible light region of
0.24PIN–0.49PMN–0.27PT single crystal at room temperature and 200 �C. Inset:
variations in (ahm)2 vs. photon energy hm.
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ting the experimentally observed bandgap energies from 30 �C to
200 �C are: Eg(0) = 3.27 eV, a = 1.62 � 10�3 meV/K and b = 1315 K.

3.3. The refractive index and extinction coefficient

The refractive index n and the extinction coefficient k of
0.24PIN–0.49PMN–0.27PT single crystal in the wavelength range
from 380 nm to 900 nm were measured by ellipsometry, and the
results are shown in Fig. 3. The wavelength dependence of refrac-
tive index shows the typical shape of a normal dispersion curve.
The refractive index and extinction coefficient decrease with the
increase of wavelength from 380 nm to 900 nm. The extinction
coefficient is very small when the wavelength is more than
600 nm, where the single crystal is nearly transparent. When the
wavelength is shorter than 400 nm, the extinction coefficient be-
comes much larger because 400 nm is the optical absorption edge.

For the 0.24PIN–0.49PMN–0.27PT single crystal, the crystal
symmetry is rhombohedral and the spontaneous polarization is
along h111i directions. The refractive index n was measured along
the poling direction [111]c. So the refractive index n equals to the
ordinary refractive index no. It is well known that the frame BO6

oxygen octahedron of the perovskite ABO3 structure is closely re-
lated to the wavelength dependent refractive dispersion. The dis-
persive behavior of 0.24PIN–0.49PMN–0.27PT single crystal could
be described by the Sellmeier dispersion formula [16,17]

n2 ¼ Aþ B

k2 � C
þ Dk2; ð4Þ

where A, B, C and D are Sellmeier parameters, and the values calcu-
lated by fitting the experimental data are: 6.062 ± 0.002,
0.1726 ± 0.0004 m2, 0.0720 ± 0.0007 m2 and �0.1306 ± 0.0003,
respectively. The correlation coefficient of the fitting curve to the
experimental data is better than 99.98%, as the solid line shown
in Fig. 3. Thus, the Sellmeier dispersion equations of n for
0.24PIN–0.49PMN–0.27PT single crystal is

n2 ¼ 6:062þ 0:1726
k2 � 0:0720

� 0:1306� k2: ð5Þ

Although Eq. (4) can precisely predict refractive indices at dif-
ferent wavelength, the parameters in it do not have special physi-
cal significance. In order to stress the importance of the basic BO6

oxygen octahedron building block in this class of materials,
Didomenico and Wemple improved the monomial Sellmeier dis-
persion formula and related the optical properties to internal
structure by single electron oscillator approximation [16,17]

n2 � 1 ¼ Sok
2
o

1� ðko=kÞ2
¼ EdEo

E2
o � E2 ; ð6Þ

where n is refractive index; k and E are the wavelength and energy
of the incident light, respectively; ko is the average oscillator
position and So is the average oscillator strength; Ed is the dispersive
energy and Eo is the energy of the single oscillator. The parame-
ters in Eq. (6) can be obtained by linearly fitting the curves of
1/(n2 � 1) versus k�2 and E2, as shown in Fig. 4, which gave
us So = 1.011 � 1014 m�2, ko ¼ 0:219 lm, Ed = 27.56 eV, and Eo =
5.66 eV. The match between the model and experimental results
are excellent.

The basic BO6 octahedron building block in perovskite ferro-
electrics determines the energy band structure of crystals. The
B-site cation d-orbitals and the O-site anion 2p-orbitals are the
major contributors to the refractive indices [18,19]. The refractive
index dispersive parameter Eo/So is an important parameter to de-
scribe the optical dispersion behavior. Wemple and Didomenico
found that oxygen octahedra in perovskite ferroelectrics have the
same dispersion behavior described by the refractive-index disper-
sion parameter Eo/So = (6 ± 0.5) � 10�14 eV m2 [16]. In our case, the
refractive index dispersive parameter Eo/So is 5.60 � 10�14 eV m2 is
in this range.

4. Summary and conclusions

The dielectric, optical transmittance spectra, refractive indices
and extinction coefficients were measured for the ternary relax-
or-based ferroelectric single crystal 0.24PIN–0.49PMN–0.27PT in
its single domain state. The Curie temperature Tc is 168 �C and
the rhombohedral-tetragonal phase transition occurs at
TR–T = 134 �C. Optical transmission spectra were recorded at room
temperature and at 200 �C, and the optical absorption edge at
200 �C was found to have an obvious red-shift compared with that
at room temperature, which lead to the changes in the bandgap.
The energy bandgaps of the single crystal at room temperature
and at 200 �C were calculated to be Eg = 3.18 eV and 2.95 eV,
respectively. The room temperature monomial Sellmeier oscillator
parameters were derived by fitting the experimental data. The
values of the average oscillator position ko, the average oscillator
strength So, the energy of the single oscillator Eo and the dispersive
energy Ed are 0.219 lm, So = 1.011 � 1014 m�2, 5.66 eV and
Ed = 27.56 eV, respectively.

Fig. 3. Wavelength dependence of the refractive index n and extinction coefficients
k of the 0.24PIN–0.49PMN–0.27PT single crystal at room temperature.

Fig. 4. Plot of refractive index factor (n2 � 1)�1 vs. k�2 and E2 for single domain
0.24PIN–0.49PMN–0.27PT single crystal.
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