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Abstract

Real-time direct observation of ferroelectric domains and phases under electric-field poling along [0 0 1] at room temperature in

Pb(Mg1/3Nb2/3)0.67Ti0.33O3 (PMNT33%) single crystal has been performed by polarizing microscopy. A hysteresis loop of polarization

vs. electric field at room temperature was also measured for comparison. By using relations of crystallographic symmetry and optical

extinction, polarizing microscopy reveals orientations of the domain polarizations and their corresponding phases. It also provides direct

real-time observation of microcracking phenomena. It was found that the monoclinic phase domains play a crucial role in bridging

higher symmetry (tetragonal and rhombohedral) phases while field-induced phase transitions take place.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Relaxor-based ferroelectrics Pb(Mg1/3Nb2/3)1�xTixO3

(PMNT), which have a morphotropic phase boundary
(MPB) between rhombohedral (R) and tetragonal (T)
phases for 0.26pxp0.36 [1], have attracted much attention
due to their high performance in piezoelectric-related
applications. The ultrahigh piezoelectric response is attrib-
uted to polarization rotation induced by an external
electric (E) field between T and R phases through
intermediate monoclinic (M) or orthohombic (O) symme-
tries [2]. From our recent E-field-dependent domain study
on (0 0 1)-cut PMNT24% and PMNT40% crystals at room
temperature (RT), it was found that polarizations of the R
(in PMNT24%) or T (PMNT40%) domains rotate toward
the [0 0 1] tetragonal T0 0 1 phase through M distortions as
E field increases along [0 0 1] [3,4]. To enhance piezoelectric
performance, an E-field poling has usually been used on
these materials before application. However, how poling
affects phase stability and durability is still a critical
concern for long-term operation. In this report, we study
E-field-dependent domains, phases, and microcracking
phenomena at RT in a (0 0 1)-cut PMNT33% single crystal
by polarizing microscopy and a hysteresis loop of
polarization vs. E field. By using relations of crystal-
lographic symmetry and optical extinction, polarizing
microscopy can provide real-time direct observation of
the polarization orientations in ferroelectric domains and
their corresponding crystal phases under E field poling.

2. Experimental procedure

The lead magnesium niobate-lead titanate crystal
PMNT33% was grown using a modified Bridgman method
and was cut perpendicular to a /0 0 1S direction by X-ray
diffraction. Gold electrodes and transparent conductive
films of indium tin oxide (ITO) were deposited, respec-
tively, on sample surfaces by sputtering for measuring a
hysteresis loop of polarization vs. E field and for E-field-
dependent domain observation at RT. Before any mea-
surement described below, the sample was annealed above
200 1C. For E-field-dependent domain observation with a
DC field applied along [0 0 1], a Nikon E600POL polarizing



microscope was used with a 01/901 crossed polarizer/
analyzer (P/A) pair. The experimental configuration can be
found in Ref. [5]. The sample was polished to a thickness of
65 mm. The /1 1 0S orientation of the sample edge was
determined by X-ray diffraction and aligned with one of
the crossed P/A:01 axes so that the extinction angles shown
in all domain pictures are measured from /1 1 0S. A
hysteresis loop of polarization vs. E field (PEF) was
measured at RT by using a Sawyer–Tower circuit at
frequency 46Hz.
3. Results and discussion

For interpreting polarizing microscopy domain observa-
tion among various phases, a review of principles of optical
extinction for the (0 0 1)-cut crystal can be found in Ref. [6].
In this study, the extinction angles are measured with
regard to /1 1 0S as shown in Fig. 1. Thus, R domains
represented by triangles with solid crosses in Fig. 1 have
extinction at 01 ( ¼ 901). T domains represented by squares
with solid crosses have extinction at 451. T domains with
polarization P along the [0 0 1] axis represented by the solid
black square in the center have extinction at every
orientation of the crossed P/A pair and will be written as
‘‘T0 0 1’’ in the following discussion. The O domains
represented by circles with solid crosses have extinctions
at 01 ( ¼ 901) or 451, whereas R domains only give
extinctions at 01. Thus the (0 0 1) cut of Fig. 1 clearly
distinguishes R from T phases by the 451 extinction angle
Fig. 1. Relation between the optical extinction orientations corresponding

to the polarizations for various phases and domains projected on the

(0 0 1) plane. Dashed, dash–dotted, and dotted lines represent MA, MB,

and MC domains, respectively. The definition of MA-, MB-, and MC-type

monoclinic phases can be found in Ref. [7].
difference. Any extinction at angles other than 01 (or 901)
and 451 must be from the M domains, or triclinic (Tri)
domains. Note that all the phases except Tri phase have
been reported in various PMNT crystals. Our large
observed variation in extinction angle with E field indicates
M domains whose polarization P can vary with E field
through a large angle, whereas the direction of P is nearly
fixed for a given R, T, or O domain as E field varies.
The E-field-dependent domain structures, as shown in

Fig. 2, were taken at P/A:451 while a DC E field was
applied along [0 0 1] at RT. At E ¼ 0 kV=cm (Fig. 2(a)), the
domain matrix mostly exhibits an extinction at 01 with
respect to the /1 1 0S direction as shown in the inset of
Fig. 2(a). This indicates R phase. As the E field increases,
the domain matrix does not essentially change until
4.1–4.8 kV/cm as seen in Fig. 2(b). This is close to the
Fig. 2. Domain micrographs taken with P/A:451 (except the insets) at RT

for E ¼ (a) 0 kV/cm, (b) 4.8 kV/cm, (c) 11 kV/cm, (d) 17 kV/cm, (e) 28 kV/

cm, (f) 34 kV/cm, (g) 34 kV/cm (the crystal breaks), and (h) right after the

E field was removed. The area in black indicated by ‘‘S’’ is the silver paste

and the wire. ‘‘C’’ and ‘‘CE’’ are the cracks caused by polishing and poling,

respectively. The dashed line shows the ITO film’s boundary. The angles

and locations of domain extinctions are indicated by the degrees and

arrows. The tetragonal [0 0 1] phase domains induced by the E field are

indicated by T00 1.



Fig. 3. Hysteresis loop of polarization vs. E field obtained at RT.
coercive field EC�3 kV/cm, as shown in Fig. 3. The domain
matrix mostly still retains the R phase [inset of Fig. 2(b)],
but T0 0 1 and M/T phases were induced near the cracking
area and exhibit extinctions at all P/A angles and �15–651,
respectively. M/T represents the coexistence of M and T
phase domains with more M phase than T phase. As the
field increases to 11 kV/cm (Fig. 2(c)), the E-field-induced
T00 1 phase domain significantly expands as crossed stripes
along [1 0 0] and [0 1 0] from the cracking area. Some of the
other R phase domains have also transformed to M and T
phase domains with various nonzero-degree extinction
angles, such as 5–151, 20–501, and 50–751. But the lower
left-hand corner of the domain matrix still remains in the R
phase, as indicated with extinction angle 01. With the E

field increasing to 34 kV/cm, this E-field-induced transition
is continuously evidenced by the expansion of the T00 1

phase domain as shown in Figs. 2(d)–(f). At E ¼

34 kV=cm, most of the domain matrix becomes macro-
scopic T0 0 1 phase domain except for some small R, T, and
M phase domains with extinction angles of 01, 451, and
�15–451 as illustrated in Fig. 2(f). It is interesting that T
phase domains usually appear near the cracks. In addition,
a few domains exhibiting no extinction at any P/A angle
are embedded in the T00 1 phase domain matrix perhaps
due to local strained regions caused by underlying M
distortions with several different orientations.

As indicated by the arrow and ‘‘CE’’ in Fig. 2(b), the
microcracking caused by the DC E-field poling process
starts to develop at �4.8 kV/cm along [1 0 0] (or [0 1 0])
from the pre-existing crack ‘‘C’’ caused by the polishing
process. The crack is enlarged by the increasing field
strength as shown in Figs. 2(c)–(f). As the field increases to
34 kV/cm (Fig. 2(g)), the crack reaches the edge of the
sample and the crystal breaks. The crystal still maintains
the same R, T, T0 0 1, and M phase domains as before it
breaks (Fig. 2(f)). After the field is removed (Fig. 2(h)), the
polarizing microscope picture becomes brighter than for
E ¼ 34 kV=cm (Fig. 2(g)), but the crystal does not return to
an R phase as seen originally at zero field (Fig. 2(a)).
Instead, the speckled appearance of the picture implies that
R, T0 0 1, T, and M phase microdomains coexist with
numerous microdomains that have no extinction at any P/
A angle, which perhaps is caused by the stress exerted by
local polar microdomains of M phases with various
orientations. In our recent study, a (0 0 1)-cut PMNT40%
single crystal becomes entirely T0 0 1 phase monodomain
near 33 kV/cm and its microcracking phenomenon starts
near 12.5 kV/cm and develops along [0 1 0] [4]. However, a
(0 0 1)-cut rhombohedral PMNT24% single crystal cannot
reach a T00 1 phase monodomain and no microcracking
was found under a higher E field (44 kV/cm) applied along
[0 0 1] at RT [3].
What is the transition mechanism while T0 0 1 phase

domains are induced by a DC E field applied along [0 0 1]
in PMNT crystals? In the (0 0 1)-cut PMNT24% crystal,
the T0 0 1 phase domains are induced near 4 kV/cm by
polarization rotation of R to T00 1 phase through M
distortions as E field increases along [0 0 1] at RT [3]. In the
(0 0 1)-cut PMNT40% crystal, the T0 0 1 phase domains are
induced near 11 kV/cm at RT by the process T-M-T00 1,
and this T0 0 1 phase expands through the whole crystal by
the process as the E field increases further [4]. Similarly, in
this (0 0 1)-cut PMNT33% crystal, the T0 0 1 phase domains
are induced near 4.1 kV/cm and expand significantly at
11 kV/cm at RT by the processes R-T00 1, R-M-T001,
R-T-T00 1, and R-M-T-T00 1. These T0 0 1 phase
domains expand through the whole crystal by these
processes with increasing E field.

4. Conclusions

Polarizing microscopy is a powerful tool to visualize
phase transformation and domain orientation. It also
provides a direct real-time observation under application of
a DC E field of the microcracking, which has been an
obstacle for applications of medical imaging, telecommu-
nication, and ultrasonic devices based on these crystals.
Microcracking was found in the tetragonal crystal [4], but
no microcracking was found in the rhombohedral crystal
under a high electric field (44 kV/cm) [3]. Microcracking
can also be triggered by a pre-existing crack in the crystal
as evidenced in this study. In addition, we have found that
microcracks are inclined to develop along [1 0 0] (or [0 1 0]),
which is the growth direction of the T00 1 phase domain,
while the T00 1 domain is induced by a DC E field applied
along [0 0 1]. With the maximum strength of E field, a single
domain with the orientation along the poling E field was
not always obtained in every crystal as expected, such as
the (0 0 1)-cut PMNT24% [3]. Importantly, it was found
that the M phase plays an essential role in bridging higher
symmetries while E-field-induced phase transitions are
taking place in all three crystals with the same cut but



different titanium content (PMNTx%, x ¼ 24, 33, and 40)
across the MPB range.
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