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Abstract

The phase transitions of as-grown (1 — x)PbMg; ;3Nb, 303—xPbTiO3 (PMN-xPT) crystals with
PT compositions of x = 0.31 and 0.38 under a dc electric field were observed in a polarization
microscope. The optical transmissions of the crystals under dc electric fields were measured in
the wavelength region around their optical absorption edges. The band gaps of the orthorhombic
and tetragonal phases under the applied electric field were obtained. By combining both of the

optical methods, the phase transition from the tetragonal to the orthorhombic phase was
observed in PMN-0.38PT crystals when the electric field along the [110],, direction reaches
up to 300 V. mm~!. Whereas the PMN-0.31PT crystals undergo the pseudo-phase-transition
under a dc electric field along the [110].,, direction. The pseudo-phase-transition possibly
stems from the reorientation and growth of microdomains in PMN-0.31PT crystals.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Relaxor-based perovskite ferroelectrics, such as (I —
X)Png1/3Nb2/303—beTiO3 (PMN—)CPT) and (] —x)PbZn1/3
Nb,/303-xPbTiO3 (PZN-xPT), show outstanding electrome-
chanical properties near the morphotropic phase boundary
(MPB), which separates the rhombohedral (R) and tetragonal
(T) phases [1, 2]. The origin of the high piezoelectric response
near the MPB and the intrinsic structure for relaxation have
been the subjects of discussion for many years, and many
theories have been proposed [3-14]. The real breakthrough
came out of the microstructure study of Pb(Zr,_,Ti,)O3 by
Noheda er al [15-18], which showed a monoclinic phase
within a narrow region, 0.45 < x < 0.52, around the MPB.
Then, the corresponding polarization rotation mechanism was
proposed based on the first principles studies of a BaTiO3
single crystal at zero temperature [8]. Furthermore, eighth-
order free-energy expansion was also carried out to prove
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the existence of the monoclinic phase [19].  Therefore,
the monoclinic phase is believed to be the intermediate
phase between R and T, and the intermediate monoclinic or
orthorhombic phases are believed to be involved in the phase
transition from the R to T phase under electric fields [20, 21].

However, adaptive ferroelectric phase theory questioned
the existence of the monoclinic phase in these materials [9, 22].
They stated that the lattice parameters of the monoclinic phase
calculated from Rietveld refinements are directly dependent
on those of the tetragonal and cubic parent phases. The
monoclinic one is just an average over the miniaturized
tetragonal nanodomains, which reach up to tens of nanometers
without being able to diffract incoherently. = Both the
miniaturization and low domain-wall energy can enhance the
piezoelectric properties of the material, as the domains are
more easily reoriented. Moreover, experiments in a high-
resolution transmission electron microscope (TEM) and X-
band EPR spectra [23, 24] show that the hierarchical domain
structure is a self-assembly of nanodomains with tetragonal

© 2009 IOP Publishing Ltd  Printed in the UK
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structure. Their submicrodomains appear as a tetragonal phase,
but macrodomains exhibit the monoclinic state due to an
averaging effect. Another important model proposed by Glazer
et al [25], suggested that changes in the range of structural
order play the most important role in the enhanced properties
around the MPB.

In the present work, we report experimental results,
which indicate the electric-field-induced real phase transition
in the crystals far away from the MPB and the pseudo-phase-
transition in the crystals near the MPB. These results were
obtained by combining the simultaneous observation of the
domains in an optical polarization microscope and optical
absorption edge measurements.

2. Experimental details

Large size and high quality PMN-xPT single crystals
were grown directly from melt by the modified Bridgman
technique [26, 27]. The Curie temperatures (7¢) of the as-
grown crystals were measured to determine the compositions
of the samples. The selected samples with x = 0.38 and
0.31 were oriented and cut perpendicular to the [001]. and
[110].up directions as confirmed by x-ray diffractometer. The
two samples were polished down to the thickness of 0.1 mm
along the [001].y and [110].y, directions, respectively, by
alumina and diamond compounds (with decreasing average grit
size down to 0.5 um) for the domain observations. Electrodes
with silver paste were prepared on their corresponding
transverse (110)cu, and (110).,, faces, and they were then
sintered at 750 °C (30 min) for the measurements under a dc
electric field.

An optical polarization microscope (Olympus U-CMAD3,
Japan) set with a 0°/90° crossed polarizer analyzer was used
to study the domains structures in the samples. The possible
optical extinctions crossing [001].,, were observed when the
dc electric field was applied in the crystal along the [110]cyp
direction, and also the extinctions crossing [110].,, were
obtained when applying the dc electric field along the [110]cyy
direction.

The transmission spectra were measured with the incident
light along the [001]y, direction, and the dc electric fields
(i.e. 30, 100, 300, 500, 700 and 900 V mm~™') were
simultaneously applied in the samples along the [110].up
direction for about 10 min. The corresponding transmission
spectra were obtained in the wavelength range from 380 to
470 nm using a spectrophotometer (Shimadzu UV-2501PC, the
worst case index accuracy is 0.1%) at room temperature.

3. Results and discussions

3.1. The phase transitions under an electric field observed by
an optical polarization microscope

The optical extinction directions of different domains can
be identified by the birefringence contrast created with
a compensator applied in appropriate directions, thereby
the domain structures and the phase symmetry have been
analyzed [28-35]. As shown in figure 1, the domains of
as-grown PMN-0.38PT crystals were observed in an optical

polarization microscope, and the phase transition was studied
in real time by applying the electric field along the [110]cyp
direction.

For the PMN-0.38PT crystals which are far away from
the MPB, the optical extinction crossing [001].,, at the angle
of 0° (see figure 1(a)) is evidence of their tetragonal phase
at room temperature. Under a dc electric field along the
[110]cup direction, the optical extinction crossing [001]cy, at
an angle of 0° disappears when the electric field is larger than
300 Vmm~! (see figure 1(b)). While for the observation
crossing [001].yp at an angle of 45° (see figures 1(c) and (d)),
the optical extinction appears when the electric field is applied
in the [110].yp direction (see figure 1(d)). Combined with
the observation crossing [110]., of the PMN-0.38PT crystal
with an electric field along the [110]. direction, it can be
confirmed that the orthorhombic phase is induced in the PMN—
0.38PT crystal by a dc field at 300 V. mm ™', and after removing
the electric field it will return to the tetragonal phase.

While for the PMN-0.31PT crystal, shown in figure 2(a),
the optical extinction crossing [001].,, at an angle of 15°
indicates a monoclinic phase. When the applied electric
field is larger than 350 V mm~! along the [110]¢y, direction
the optical extinction disappeared (see figure 2(b)). Thus, a
transition from the monoclinic phase to other phases occurred,
and the crystal did not return to the monoclinic phase when
the electric field was removed. The new phase shows optical
extinction crossing [001].,, at an angle of 45°, which is
probably rhombohedral or orthorhombic or another monoclinic
phase. Moreover, to confirm the symmetry, the observation
crossing [110].y, was carried out by applying an electric field
in the [110]op direction (see figures 2(c) and (d)). The
domains shows optical extinction at an angle of 0° (see
figure 2(c)) with respect to the [110]. direction, which
indicates the orthorhombic phase when combined with the
observation along the [001].yp direction. Therefore, the
crystal will undergoes a phase transition from the monoclinic
to orthorhombic phase when a threshold electric field of
350 Vmm™! is applied along the [ilO]Cub direction, as shown
in figure 2.

The polarized light is sensitive to the symmetry of the
crystal structure, but the spatial resolution of the optical
polarization microscopy is low. Therefore, the observed
symmetry of macrodomains may be different from that of
microstructures. Therefore the shifts of band gaps under an
electric field were measured to confirm the phase transitions.

3.2. Optical absorption near the fundamental absorption edge
under an electric field

The optical absorption edge is caused by the onset of optical
transitions across the fundamental band gap of the material.
This naturally leads us to investigate the physical processes
that occur when electrons are excited between the bands of
a solid by making optical transitions [36]. The energy band
structure is determined by the lattice of the crystals, so the
phase transition, which means the mutation of the crystal
lattices, under an electric field will cause an abrupt change of
the energy band, including a change of the band gaps. The band
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Figure 1. PMN-0.38PT crystals in the optical polarization microscope, (a) extinction crossing [001]cu, (b) domains under an electric field of
300 V mm~! along the [110]y, direction, (c) observation crossing [001].y, (d) extinction crossing [001].,, under an electric field of

900 V mm~! along the [110].,, direction.

Figure 2. PMN-0.31PT crystals in an optical polarization microscope, (a) extinction crossing [001].,, (b) domains under an electric field of
500 V. mm~! along the [110]., direction, (c) extinction crossing [110].,, under an electric field of 350 V. mm~! along the [110].,, direction,

(d) the extinction crossing [110],, under an electric field of 900 V mm

gaps of the crystals could be obtained from the transmission
spectra measurements, therefore, the phase transition under an
electric field could be studied by the changes of transmission
spectra.

When a crystal is irradiated, some photons will be
reflected, absorbed, or scattered and others transmitted. The
transmission (7°) at a given wavelength can be calculated by
using the Mclean formula [36]

T — (1—R)? exp(—ad)
1 — R%exp(—2ad)’

6]

—1

along the [1 10] direction.

where « is the absorption coefficient, d is the thickness of the
sample, and R is the reflectance of the two faces of the sample,
which can be calculated by the Fresnel expression [36]

R=(n—1?%(n+1)7? 2)

where n is the index of refraction at a given wavelength.
The wavelength dependence of the refractive index (n,) of
the PMN-0.38PT crystal can be obtained from the modified
Sellmeier equation [37, 38]

0.2151

— T 0.0004)2. 3
A2 — 0.0686 )

n2(A) = 6.2144 +
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The optical wavelength (1) dependences of transmittance
(T) from 380 to 430 nm were measured experimental. In
such a way the optical wavelength dependence of absorption
coefficient « could be obtained by combining the measured
T (1) with formulae (1)—(3). Furthermore, the direct band gaps
of crystals could be deduced from the absorption coefficient
o and the energy of the incident light #v by using the Tauc
equation [39]
(ahv)? = B(hv — E,), (4)

where £ is the Planck constant, v = 27 /A is the wavevector, B
is a constant, and Ej is the band gap of the crystal. Therefore,
E, could be obtained from the transmission spectra, and
the change of the energy band of the crystals under electric
field could be observed. Figure 3(a) shows the 7' (1) of
PMN-0.38PT crystal with incidence along the [001] direction,
meanwhile, the electric field is applied along the [110]cyp
direction up to 900 V. mm™~!. It is obvious that the curves could
be classified into two groups. The calculated band gaps of
the PMN-0.38PT crystal are obtained from the measurements
of transmittance and formulae (1)-(4), which are shown in
figure 3(b). In the process of gradually applying electric fields
in the PMIN-0.38PT crystal, two band gaps, 3.074 £ 0.1% and
3.096 £0.1% eV, are obtained, corresponding to the tetragonal
and orthorhombic phases respectively. The threshold electric
field for this phase transition is 300 V. mm~!. In this aspect,
a real phase transition has happened, because the band gap
change is directly related to a change of lattice.

Using the same method, the phase transition of the
PMN-0.31PT crystal near MPB was also studied under an
electric field. The wavelength dependences of transmittance
in different electric fields were measured and are shown in
figure 4(a). The refractive index dependence of wavelength of
the PMN-0.31PT crystal could be obtained from the modified
Sellmeier equation [40]

0.088
A2 —0.0979

Also, the band gaps of the PMN-0.31PT crystal are
obtained by combining the measurement of transmittance and
formulae (1)—(4), seen in figure 4(b). It is shown that the
band gaps (3.117 £ 0.1% eV) of the crystals did not change
under an electric field up to 900 Vmm~'. This means that
the lattices of the crystals are the same in the whole electric
field range, as the band gap of the crystal is determined by
the lattice. However, this is different from the as-proposed
result obtained from an optical polarization microscope in
the PMN-0.31PT crystal, where two phases were observed
under different electric fields. It indicates that a pseudo-phase-
transition was induced in PMN-0.31PT crystals by an electric
field in this experiment.

n’(\) = 6.6344 + —0.612322. (5)

3.3. The phase transition under electric field

For the PMN-xPT crystals, the extent of long range
order decreases with the reduction of PT composition (x)
and is followed by a subsequent decrease in the size
of domains. When the composition is near the MPB,
nanodomains are believed to form in these ferroelectric solid
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Figure 3. Transmittance spectra (a) and the (a/v)? versus hv plot
(b) of PMN-0.38PT single crystals.

solutions [9, 23, 41]. The macrodomains observed in optical
polarization microscopy are the average of the microdomains,
and the symmetry of the macrodomains is determined by the
volume ratio of microdomains with different orientations. In
PMN-0.31PT crystals, there is no phase transition observed
by band gaps measurements, even when an electric field of
900 Vmm™' is applied in the crystals. It indicates that
the electric field is along the spontaneous direction of the
domains, which is the [110].,, direction for the orthorhombic
phase [20]. Moreover, the phase transition observed in optical
polarization microscopy under the threshold electric field of
350 Vmm~! might be the reorientation of orthorhombic
microdomains. The different volume ratio of the orthorhombic
domains creates the monoclinic symmetry on the macro-
scale. Furthermore, a vertical line was found in the E—
T phase diagrams, which is connected to the appearance of
a macroscopic state, and the state is due to the onset of
freezing of large PNR’s [14]. Meanwhile, the electric field
could cause the gradual coalescence of polar nanoregions
and the successive abrupt formation of large ferroelectric
domains [42].  Therefore, under an electric field, the
microdomains could abruptly grow large enough to prevent
the averaging effect, and then the domains will exhibit their
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Figure 4. Transmittance spectra (a) and the (¢hv)? versus kv plot
(b) of PMN-0.31PT single crystals.

intrinsic orthorhombic phase. Based on the above analysis, in
the PMN-0.31PT crystals, the monoclinic phase is composed
of orthorhombic microdomains while in the macroscopic scale
it appear as monoclinic due to an averaging effect. There is
no averaging effect in the PMN-0.38PT crystals composed
essentially of macrodomains.

4. Conclusion

The phase transition from the tetragonal to orthorhombic
phase in the PMN-0.38PT crystal is confirmed by the
polarization microscope and optical absorption edge methods
under an electric field. The band gaps of the tetragonal
and orthorhombic phase are 3.074 £ 0.1% and 3.096 =+
0.1% eV, respectively. However, for the PMN-0.31PT crystal,
the results obtained by the two methods are not consistent.
Monoclinic and orthorhombic phases are observed in the
polarization microscope, but only one phase was obtained by
optical transmittance measurements. This can be understood
from the averaging effect of orthorhombic microdomains for
compositions falling into the MPB region. The phase transition
from the monoclinic to the orthorhombic phase is a kind of

pseudo-phase-transition, which is actually the reorientation
and growth of orthorhombic microdomains.
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