
APPLIED PHYSICS LETTERS 88, 152910 �2006�
Imaging of ferroelectric polarization in Pb„Mg1/3Nb2/3…O3–PbTiO3 crystals
by scanning electro-optic microscopy
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Spatial distribution of the ferroelectric polarization in �1−x�Pb�Mg1/3Nb2/3�O3–xPbTiO3 single
crystals with x=0.25 has been visualized using scanning confocal electro-optic microscopy.
Domains showing different values and signs of the linear electro-optic effect are observed in both
�001� and �111� oriented crystal plates in case of application of a symmetry-breaking dc electric
field. Features of the observed images are explained on the basis of the electro-optic tensor
analysis. © 2006 American Institute of Physics. �DOI: 10.1063/1.2190907�
The Pb�Mg1/3Nb2/3�O3–PbTiO3 �PMN–PT� system at-
tracts attention due to promising dielectric,1 piezoelectric,2

and electro-optic3 �EO� properties caused mainly by its phase
diagram features, namely, the relaxor state1 and the morpho-
tropic phase boundary �MPB�.4 Both these phenomena in-
volve some kind of spatial inhomogeneity. In relaxors, fluc-
tuations of chemical composition, nanopolar domains, or
local built-in internal electric fields are considered as likely
cause of the observed diffused peak of dielectric
permittivity.5 For compositions close to MPB, the lattice in-
stability model allowing rotation of the ferroelectric �FE�
polarization6 competes with extrinsic effect from walls sepa-
rating tetragonal, rhombohedral, and monoclinic7 domains.
The spatially resolved techniques are expected to provide the
decisive arguments in these discussions.

Two experimental techniques generally used to reveal
the domain structure of PMN–PT are polarized optical
microscopy8,9 �POM� and piezoelectric force microscopy
�PFM�.10–14 However, POM is restricted in spatial resolution
and contrast, while PFM involves highly inhomogeneous
electric field. We propose to visualize the domain structure
with another alternative tool: scanning confocal optical mi-
croscopy �CSOM� with EO modulation.15 This technique has
given good results with FE single crystals16 as well as with
thin films.17 Important advantages of this microscopy are
relatively low gradient of probing electric field and effective
EO contrast between different phases or directions of the FE
polarization.16 In this Letter we report visualization of the
domain structure of the �1−x�PMN–xPT crystals with x
=0.25 using diffraction-limited modulated CSOM.

The PMN–25 mol % PT single crystals were grown us-
ing Bridgman technique from columbite precursor
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MgNb2O5. PMN–PT batches were weighed out with excess
of 1 mol % PbO. The powders were pressed at 1 ton/cm2

using polyvinyl alcohol �PVA� binder into 25 mm diameter
and 10 mm length compacts. After binder burnout, the com-
pacts were sintered at 1250 °C for 4 h in sealed alumina
crucibles with PbZrO3 packing powder to suppress the vola-
tilization of lead in compacts. Compacts were put into a
sealed Y shape platinum crucible to prevent the evaporation
of lead during the growth. After soaking for 4 h at 1450 °C,
the crucible was then allowed to pull down at a rate of
1 mm/h through a maximum thermal gradient of around
30 °C/cm at the growth interface. Single crystals were ori-
ented along pseudocubic �001� or �111� direction with an
accuracy less than 0.5° using x-ray diffraction. The surfaces
of samples with typical dimensions of 8�8�1 mm3 were
polished using 1 �m diamond compound. The pairs of stripe
electrodes with 200–300 �m spacing have been painted on
the surface with silver paste in arbitrary direction to provide
application of both ac and dc electric fields from a high volt-
age amplifier.

The scanning confocal microscope is similar to the setup
described in Ref. 16. The high numerical aperture �NA
=0.8� objective is filled by 633 nm laser light passed through
a spatial filter and a beam expander. The raster scanning is
produced by a 90° pair of galvanometrically controlled mir-
rors placed above the objective. The light reflected from the
crystal surface passes back through the objective and spatial
filter to be registered by a balanced photodetector. The map
of intensity of reflected light corresponds to the conventional
optical image, while the picture formed by point-to-point
measurements of the modulated in-phase signal from a
lock-in amplifier at the frequency of ac electric field, applied
to the crystal, presents the linear EO image. Both optical and

EO pictures are acquired simultaneously.
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Figure 1�a� reproduces the optical picture obtained from
the �001� PMN–PT crystal. The reflected light is fairly ho-
mogeneous along the surface except for relatively weak �up
to 10%–15%� variations of the intensity caused by structural
features on the surface. The optical picture remains visually
unaffected during and after application of both ac and dc
electric fields.

Before any electric treatment, EO signal is null across
the whole sample. This correlates with the earlier PFM ob-
servation on a similar material where only separate nano-
scopic domains much smaller than optical wavelength have
been found.18 We have observed, nevertheless, that applica-
tion of moderate dc field induced irreversible formation of
the microscopic electro-optically active regions throughout
the crystal. Figure 1�b� shows the EO image of the same part
of the crystal after application of the dc voltage of 50 V.
Numerous regions of both positive �bright� and negative
�dark areas� responses can be seen, as well as areas with zero
ac signal, corresponding either to local paraelectric state or to
special directions of FE polarization.19 Some of the domains
in the EO image can be linked to structural features seen in
the optical image, too �Fig. 1�a��; for example, the dark lens-
shaped area in the optical image provides no EO response.
However, most FE domains, well seen in the EO mode of
observation, show no optical contrast.

The �111� samples give qualitatively similar pictures. No
ac signal was obtained from virgin crystals �Fig. 2�a��, but
the domain structure arises starting from some critical dc
voltage, positive �Fig. 2�b�� or negative, and becomes stable
in a higher field �Fig. 2�c��. The shape of domains is a little
bit different comparing with �001� samples, featuring elon-
gated domains, often accompanied by adjacent stripes of op-
posite sign. EO contrast, in general, is higher than for �001�.
Stability of the domain pattern is proved by diminishing the
bias voltage back to its previous value �Fig. 2�d�� and further
to zero �Fig. 2�e��. Reversal of the field sign results in minor
changes of this domain structure, mainly in orientation of the
stripe domains and overall decrease of the EO contrast �Fig.
2�f��. This structure remains approximately unchanged down
to −100 V and back to positive values �Fig. 2�g�� where the
pattern “written” by high positive voltage reappears �Fig.
2�h��.

The observed lack of symmetry of the domain behavior
in negative and positive fields is apparently due to the high
bias field applied during initial coalescence of invisible �at
CSOM resolution� nanodomains into microscopic domain
structure. The “shifted” configuration of FE polarization re-
sults in a kind of built-in internal bias field �like at biased
ferroelectric phase transition�. The domain structure in �001�
samples looks to be even less affected by the field variations.
Though some isolated spots can change their shape or disap-

FIG. 1. Optical �a� and electro-optic �b� images of the �001� surface of the
PMN–PT crystal after application of the dc bias voltage of −50 V.
pear, the whole picture remains approximately the same de-
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spite changes of the dc electric field value or its reversal.
The EO response produced by a FE can be determined

considering the EO tensor.16 Composition x=0.25 is situated
near the boundary between the �macroscopically� pseudocu-
bic m3m phase, giving no linear EO effect, and the FE rhom-
bohedral 3m phase polarized along �111�. The latter symme-
try is the same as for LiNbO3 already studied with CSOM.16

Though the numerical analysis performed in Ref. 16 cannot
be applied directly to PMN–PT due to lack of the full set of
EO constants,20 qualitative explanation can be given to ob-
served EO contrast and switching behavior. Both �001� and
�111� samples can bear FE polarization at some angle to the
surface only. The in-plane electric field affects mainly the
horizontal component. There are eight possible directions of
FE polarization having the same angle with a �001� plane;
the in-plane components differ by angles of 90° or 180° be-
tween them. The driving force at the domain walls is rela-
tively weak due to the small in-plane component of the po-
larization. Moreover, in general the field will affect some
pairs of domains more and the other ones less, making the
whole domain pattern stiffer. Due to these reasons we can
expect weak response to the switching field in �001� samples
as observed. Further, mainly the out-of-plane FE component
should have small EO response to the in-plane field, similar
to out-of-plane regions in thin films.19

The eight directions of FE polarization in the �111�
sample are not equivalent: there is one pair normal to the

FIG. 2. Evolution of the domain structure in the �111� crystal during appli-
cation and variation of the external dc bias: �a� +35 V, �b� +70 V, �c�
+100 V, �d� +70 V, �e� 0 V, �f� −35 V, �g� +35 V, and �h� +100 V.
surface �not affected by the in-plane field�, and six other
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



152910-3 Tikhomirov et al. Appl. Phys. Lett. 88, 152910 �2006�
directions lying very close to the surface plane with 60° sym-
metry. The in-plane switching between them is much easier
comparing with �001�. The EO contrast in this configuration
is high, similar to in-plane domains in FE films,19 also in
good agreement with Fig. 2.

In brief, we have visualized the inhomogeneous FE po-
larization pattern in PMN–PT crystals using EO CSOM. We
observed appearance of the microscopic scale domains from
initially quasihomogeneous state under the action of dc elec-
tric bias field and their further evolution with variations of
this field. The obtained data are in good agreement with ob-
servations provided by PFM �Ref. 18� and with qualitative
analysis of the EO tensor.
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