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Abstract

Large size 0.62PMN-0.38PT single crystals with high optical quality have been grown by a modified Bridgman
technique. X-ray diffraction shows they have tetragonal phase and are free of pyrochlore phase. The melting point and
thermal stability of the as-grown crystals were measured using simultaneous thermo-gravimetric analysis and
differential thermal analysis. The optical transmission spectra from 0.3 to 11 pm of a {001 >-cut 0.62PMN-0.38PT
single crystal were studied at room temperature. The extinction ratio is also measured from 20°C to 70°C. The wide
transparent region (from 0.45 to 5.5 um) and high optical transmittance (about 70%) indicate that the crystals can be
used in a very wide wavelength region. The high extinction ratio, which is independent of temperature is an important
property for optical device application. Some discussions about the oxygen-octahedra structure that determines the
basic energy level of the crystals are also presented in this paper.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Bulk single crystals of relaxor ferroelectric
(l — X)Pb(Mgl/3Nb2/3)03—XPbTiO3 (PMN-PT)
have come into prominence due to their unusually
large dielectric and piezoelectric properties in
contrast to conventional piezoelectric ceramics
[1-3]. For example, 0.67PMN-0.33PT single crys-
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tals, whose composition is near the morphotropic
phase boundary (MPB), show an ultrahigh piezo-
electric constant (d33~2500pC/N), permittivity
(e, ~5000—5500) and electromechanical coupling
factor in the longitudinal bar mode (k33 ~94%)
[4,5]. These values are much higher than that of
d33 ~700 pC/N and k33 ~70—80% in conventional
Pb(Zr, T1)O3(PZT) ceramics [6,7], which have been
widely used in ultrasonic transducers and strain
actuators in the past 40 years [8].

Although most recent research on PMN-PT
has focused on its unusually large piezoelectric

0022-0248/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.jerysgro.2003.11.053



252 X. Wan et al. | Journal of Crystal Growth 263 (2004) 251-255

response, this material has recently also been found
to exhibit extremely large electro-optic coefficients,
with 733 = 207pm/V (4 = 632.8nm) for (001)-
poled 0.67PMN-0.33PT, 107pm/V for {111)-
poled 0.67PMN-0.33PT, and r3;; =70pm/V,
rs; = 558 pm/V  for <(001)-poled 0.62PMN-
0.38PT [9]. The results show that PMN-PT single
crystals are also promising candidates for optical
devices. Although PMN-PT single crystals can be
grown relatively easily by many groups, these
crystals cannot be used as optical crystals for their
poor quality. The small size and poor optical
transmittance restrict its further investigation and
applications. Recently, we have grown larger size
0.62PMN-0.38PT single crystals by a modified
Bridgman technique, and their performance has
been characterized. The results show that
0.62PMN-0.38PT single crystals have good optical
properties in a wide range of wavelengths.

2. Experimental procedure

The ferroelectric 0.62PMN-0.38PT single crys-
tals have been grown by a modified Bridgman
technique [10,11]. The raw powders of PbO, MgO,
Nb,O5 and TiO, with purity more than 99.99%
are used as the starting materials. To prevent
formation of the pyrochlore phase during crystal
growth, the raw materials were precalcined by the
B-site precursor synthesis method [12]. Then the
powders were put into a platinum crucible, which
was sealed to prevent the evaporation of lead. The
0.67PMN-0.33PT single crystals were used as seed
crystals. The crystal seeds had a key effect on
restraining spontaneous nucleation and parasitic
growth.

During the crystal growth, the highest solution
temperature is usually more than 100°C above its
melting point and the temperature gradient is
about 30-50°C/cm at the solid-liquid interface.
The temperature in the Bridgman furnace was
regulated by a proportional integral differential
(PID) controller. The precision of the furnace
temperature was controlled within +0.5°C. The
growth temperature profile used was rapid heating
to 1350°C, after soaking for about 10h, the
crucible was pulled down at a rate of 0.1-

1.0mm/h. Finally, the furnace temperature was
decreased at a rate of 25°C/h to room temperature
and the crucibles were weighed to evaluate the
weight loss of contents during the crystal growth.
Usually 0.62PMN-0.38PT single crystals with a
size of about ¥ 48 x 80 mm could be obtained.

The melting point and thermal stability of the
resulting crystals were measured using simulta-
neous thermo-gravimetric analysis (TG) and dif-
ferential thermal analysis (DTA). In order to
confirm the phase, single crystals were ground
into fine powder for X-ray diffraction (XRD)
analysis.

In this work, all the samples were oriented and
cut along the (001} direction as confirmed by
XRD. Silver paste was painted on the sample
surfaces and sintered at 580°C for 30 min. Then,
the samples were poled along the (00 1) direction
under an electric field of 10kV/cm for 15 min near
their T, in silicone oil and then slowly cooled to
room temperature while maintaining the half of
the applied electric field.

For optical characterization, the surfaces for
light transmitting were polished using alumina and
diamond polishing compounds (with decreasing
average grit size down to 0.05um) to achieve
highly polished quality. The samples were finally
polished into a thickness of 0.7 mm. For transmis-
sion measurement, the incident light was perpen-
dicular to the (001) surface, i.e. propagation
along the <001} direction. Transmission spectra
were measured at room temperature as a function
of wavelength. A Shimadzu UV-2501PC Spectro-
photometer with the wavelength range from 200 to
800nm and a ThermoNicolet Nexus 870 Fourier-
transform-infrared (FT-IR) spectrophotometer
with the wavelength range from 2.5 to 25 um were
used.

3. Results and discussions
3.1. Crystal structure and thermal stability

Fig. 1 shows the 0.62PMN-0.38PT single
crystals obtained by a modified Bridgman techni-
que using seed crystals. The crystal boules are
48 mm in diameter and about 70mm in length.



X. Wan et al. | Journal of Crystal Growth 263 (2004) 251-255 253

: |
O

Fig. 1. The 0.62PMN-0.38PT crystals obtained by a modified
Bridgman technique. (a) As-grown crystal boules (b) After
being poled and polished.

They are light yellow in color and more transpar-
ent than 0.67PMN-0.33PT or 0.70PMN-0.30PT
single crystals, which have been investigated
widely. There are still some cracks in the crystals
presumably caused by stress brought about by the
lattice deformation during phase transition and by
the thermal gradient during crystal growth. But
the size and quality of the crystals are good
enough for various applications, even for optical
devices. The samples including some crystal ingots
and some sectional crystal slices are shown in
Fig. 1(b). The thickness of these crystal
slices varies from 0.6 to 1.2mm and they are
transparent.

The 0.62PMN-0.38PT single crystals are ex-
pected to have a tetragonal phase at room
temperature [13] and the spontaneous polarization
is along the <{001) direction (c-axis). X-ray

powder diffraction analysis was used to determine
the phases existed in the as-grown crystals. The
sample was ground into a fine powder. The results
in Fig. 2 show that the 0.62PMN-0.38PT single
crystals are tetragonal and free of pyrochlore
phase.

Fig. 3 shows the thermal properties of
0.62PMN-0.38PT single crystals investigated by
TG and DTA. On heating, a sharp endothermic
DTA peak appears at 1308°C, which corresponds
to the melting of the 0.62PMN-0.38PT crystals.
The TG curve indicates the high thermal stability
of the crystals without significant weight loss up to
1250°C, which indicates that 0.62PMN-0.38PT
single crystals can be grown directly from the melt
by a Bridgman technique.
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Fig. 2. XRD patterns for 0.62PMN-0.38PT single crystals.
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Fig. 3. A simultaneous TG and DTA curves for 0.62PMN-
0.38PT single crystals.
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3.2. Optical properties

Fig. 4 shows the transmission spectra of
0.62PMN-0.38PT single crystals with the wave-
length varies from 0.3 to 11 um. Under a poled
condition, the crystal is transparent between 0.45
and 5.5um and the transmission rolls off near
450 nm. The sample becomes completely absorb-
ing around 400 nm in the near UV region and at
10 um in the infrared region. But the wavelength
cutoff in the near UV is much sharper than the
long wavelength cutoff [14]. This is similar to most
oxygen-octahedral perovskites. As compared with
unpoled condition, we can conclude that the
sample does not go through a phase transition
during the poling process because it has the same
optical absorption edge before and after poling.
But the transmission has increased dramatically
after poling. On the surface and the domain walls
of the crystal, the refractive index has a disconti-
nuity, which will reduce the transmission. The
unpoled sample obviously has many domain walls
and nanoregions with different orientations with
respect to the optic axis. When the incident light
passes through the crystal, those domain bound-
aries cause multiple scattering and generate larger
scattering losses. For tetragonal 0.62PMN-0.38PT
single crystal, the spontaneous polarization is
along the <(001) direction. After poling the
sample along (001) direction, the single domain
area enlarges and the losses due to the domain
walls reduce substantially.
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Fig. 4. The transmission characteristics of {00 1)-oriented
0.62PMN-0.38PT (the wavelength region is 0.3—11 um for poled
condition and 0.3-0.8 pm for unpoled condition) (see Ref. [14]).

From the transmission characteristics, we can
see that the optical absorption is very small in the
0.45-5.5 um wavelength range for the poled con-
dition. In general, the optical transmission relates
to reflection and scattering losses. With the
modified Sellmeier’s equation of 0.62PMN-
0.38PT single crystal reported by us in another
article [15]:

0.2151
7% —0.0686

The refractive index between 0.45 and 5.5 um
can be calculated. Using the Fresnel expression

n+1)

n?(J) = 62144 + —0.0004 x 22, (1)

2

The reflection losses of the light at two surfaces
were calculated and are also shown in Fig. 4. After
considering the reflection losses at both surfaces,
the transmission from 0.45 to 5.5 um wavelength
region is quite high and the crystals can be used as
optical crystals in a very wide wavelength region.

We also measured the extinction ratio of a
<001)-cut 0.62PMN-0.38PT single crystal with a
4mm long cube. The extinction ratio is about
28 dB at room temperature. Fig. 5 presents the
temperature dependence of the extinction ratio of
the sample. We can see that the extinction ratio of
the crystal changes only slightly from 20°C to
70°C. The high extinction ratio is independent of
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Fig. 5. Temperature dependence of extinction ratio for
0.62PMN-0.38PT single crystals.
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temperature, which is an important property for
use in optical devices.

0.62PMN-0.38PT single crystal, like other
ABOs-type perovskite compounds, such as PMN,
PMNT, PZNT family, has a common oxygen-
octahedra structure that determines the basic
energy levels in the crystal [16—18]. In Pb(B;B,)O3
ferroelectric relaxors, the nanoregions, domain
structure and B-site cation structure have influ-
ences on the transmittance as well as on the
dielectric and piezoelectric behavior of the crystal.
For 0.62PMN-0.38PT, the Mg ", Nb> " and Ti*"
ions occupy the same crystallographic site in the
structure and the crystal has a complex energy
distribution. The distortion of lattice, ion vibration
and interaction of the ions with different poling
directions give rise to complex mechanisms which
influence the optical properties of the crystal.

4. Conclusions

Large size and high optical quality crystals of
0.62PMN-0.38PT single crystals have been grown
by a modified Bridgman technique using a seed
crystal. X-ray diffraction shows that the as-grown
0.62PMN-0.38PT single crystals are tetragonal
and free of pyrochlore phase. The melting point
and thermal stability of the crystals were measured
using simultaneous thermo-gravimetric analysis
(TG) and differential thermal analysis (DTA).

The optical transmission spectra from 0.3 to
I1um of a (001)-cut 0.62PMN-0.38PT single
crystals were studied at room temperature. The
crystal is transparent between 0.45 and 5.5 um and
the optical transmittance in this region is about
70%. They become completely absorbing around
0.4 um in the near UV region and at 10 um in the
infrared region. But the wavelength cutoff at
0.4 um is much sharper than the long wavelength
cutoff. The wide transparent region and high
optical transmittance indicate that the crystals
can be used in a very wide wavelength region. The
extinction ratio of the 0.62PMN-0.38PT single
crystal with a 4 mm long cube is also measured. It
is about 28 dB at room temperature and changes
only slightly from 20°C to 70°C. The temperature-
independent high extinction ratio is an important

property when the crystals are used for optical
devices.
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