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We present a new approach to nanoscale domain characterization using Raman scattering with scanning
near-ficld optical microscopy (SNOM). In Bi,Ti;04, (BIT) single crystals, we find that the polarization
dependence of Raman specira exhibits local symmetries that reflect domain structares. Moreover, Raman
spectra at domain walls exhibit local symmetry breaking due to the presence of oxygen vacancies, and planer
defects, due to oxygen vacancies, that accumulated near domain walls cause a strong domain pinning. These
SNOM-Raman results shed new light on understanding of domain structures in BIT.
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1. INTRODUCTION

Nanoscale characterization is one of current
topics in the ferroelectric field. In particular, recent
progress in oxide electronic devices such as MEMS,
FeRAM requires detailed understanding of local
ferroelectric properties on the nanoscale level. This
has motivated 2 number of studies on
nanostructures  (like  nanodots,  nanoisiands,
nanowires, efc.) with various scanning probe
microscopy (SPM) techniques [1].

The most widely wused technique is
piezoresponse force microscopy (PFM), which is a
very effective tool for local characterization of both
polarization and piezoelectric properties [2].
Recently, other SPM. techniques with surface
capacitance and non-linear dielectric measurements
have been applied for nanoscale characterization of
polarization components [3,4]. On the other hand,
scanning near-field optical microscopy (SNOM) [5]
is rather new technique in the ferroelectric field,
and the applications are still limited cases [6,7]. In
the case of micro-scale studies, however, optical
techniques such as polarized microscopy, light
scattering and SHG were well established, and
provided various important information on
ferroelectric properties. Therefore, the combination
of SNOM with these optical techniques is very
promising even for nano-researches. Here, we focus
on combining SNOM technique with Raman
scattering, and provide a new approach of SNOM
Raman scattering for nanoscale domain imaging.

Raman spectroscopy is exiremely useful for
studies of ferroelectric properties [8,9]. Usually,
Raman modes are local in character, and each
structural unit participates in each mode. Thus,
Raman spectroscopy is often used to study local
structural changes such as phase transition, doping,
disordering, defect. Also, Raman spectroscopy is
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the most suitable technique for the observation of
soft mode, which is closely linked to polarization
properties. With these characters of Raman
spectroscopy, one can obtain fundamental structural
parameters related to ferroelectric properties. We
also note that Raman spectroscopy is a powerful
technique for characterization of domain structures
[10,11]. This is based on Raman-selection rule. In
general, Raman scatlering intensity is expressed by
tensor component of ion polarizability. Thus, the
intensity of Raman mode basically reflects
polarized vector of domains. In such a way, we can
casily distinguish domain structures.

In this stady, we applied SNOM-Raman
technique to nanoscale domain characterization in
BisTiz0; (BIT) single crystals. Our focus is placed
on characterization of domain walls. It has been
recognized that ferroelectric domain walls are very
thin, typically one or a few lattice constant {1]. This
length scale is actually beyond the sub-wavelength
resolution of SNOM. However, since wall-induced
elastic strains or internal fields are much widely
distributed, these changes can be detected even with
optical signal. In particalar, SNOM Raman
scattering is ideally suited for studying domain
walls, as it provides information on local structure
and local symmetry of domain walls. In addition,
SNOM-Raman data might shed some light on
microscopic information on defects in terms of their
geometric structure and their influence on domain
dynamics. In BIT case, oxygen vacancies almost
always have negative impacts on ferroelectric
properties such as domain pinning and fatigue
problem [12,13]. Even though the importance of
oxygen vacancies on ferroelectric properties is
generally accepted, a microscopic experimental
characterization of these defects is still lacking. We
will also address this defect issue.
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2. EXPERIMENTAL
2.1. SNOM Raman scattering

SNOM used in this study is a new technique
for nanoscale optical characterization [51. The basic
technique involves local excitation of evanescent
light using a fiber nano-probe. Excited light is
surface-localized and confined in nanoscale, thus
providing unique opportunity for nanoscale
spectroscopy.

The experimental setup for SNOM-Raman
measurement is shown in Fig. 1. Our SNOM
system, based on a commercial SNOM (Omicron,
Twin-SNOM), is  specially upgraded for
spectroscopy purpose. The gold-coated fiber probe,
forming the SNOM aperture, can be moved with
nanometer accuracy to and from the surface.
Single-mode fiber probes capable of linear
polarized light output (~20 %) were selected for use
in the experiment. The SNOM probe is held within
10 nm of the sample surface using the shear-force
feedback technique. The 514.5-nm line from an Ar’
laser was wused as an excitation source.
Raman-scattered  light was detected in a
backscattering configuration using the reflective
objective lens and then passed through a
holographic nofch filter (Kaiser, SuperNotch-Plus)
to remove elastically scattered light before being
focused into the spectrometer. A thermo-cooled
intensified CCD  camera (Andor Technology,
DV438) was used in conjunction with a
Czerney-Tumer spectrometer for the Raman signal
detection.

The key challenge presented by the SNOM
Raman technique lies in the detection of the very
low signal levels which are concomitant with the
very low intensity of the sub- A/2 light source and

the low scattering cross section of the Raman effect.

For the work presented in this paper, a probe with
an estimated aperture of 50~70 nm was employed;
this delivered of the order a few u'W of 514.5-nm
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Fig. 1. The experimental setup for SNOM-Raman
measurement.

radiation to the sample. Special care was also taken
in the design of the collection optics. The use of the
reflective objective lens is quite powerful since it
offers high vield light detection with > 80 % of
usage near-field light [14]. Fig. 2 presents a test
example, m which we use single-wall carbon
nanotube (SWNT) to check the sensitivity of our
system. In this case, we can detect Raman signal
even from individual SWNT. From a comparison
between Raman image and topography, Raman
image clearly distinguishes dispersion of SWNT,
and the spatial resolution of ~30 nm is comparable
with topography. This kind of Raman imaging is
interesting because it offers very detailed
information on chemical structure and surface
topography at the same time. We also note that
SNOM has additional advantages for non-contact
means with convenience for in-sifu characterization.
These features are quite important for
characterization of practical devices.

2.2 Samples and characterization

The material studied here is Bi,TOp (BIT), a
promising material because of its high Curie
temperature (Tc) and large spontaneous polarization
(Ps) [15,16]. BIT single crystals grown by a
self-flux method, were cut so as to align the major
Py direction with the g axis, where the
crystallographic axis was determined with polarized
optical microscopy. Prior to  SNOM-Raman
experiments, Raman selection rule of domain
structures were characterized by a conventional
micro-Raman  system  (Jobin-Yvon  T64000).
Complementary data were also obtained from PFM
using SII, SPI3800, where the direction of Pg in the
a-b plane was elucidated. Details of preparation and
characterization are described elsewhere [17].
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Fig. 2. Simultaneous topographic image (a) and SNOM
Raman image (b) of SWNTs dispersed on Si substrate.
Scan area is 600 X 600 nm. (c) Raman spectra taken from
the individual SWNT [at the marked area in (a)]. The
Raman image is acquired by detecting the intensity of G
band (at 1591 om™).
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3. RESULTS AND DISCUSSON
3.1. Raman selection vole of domain structures in
BiyTi;,0,

At the starting point of domain studies, we
identify Raman selection rule of the domain
structures. Fig. 3 compares polarized Raman
spectra measured for the xx, yy and zz polarization
configurations (x // polar axis). The Raman spectra
exhibit intense phonon modes (at 30, 60, 80-150,
~260, ~520 and 840 cm™) and many weak features.
Clearly, the external and internal modes, which
stem from [Bi;TisOo] units and (Bi,0,)"" layers
[18,19], show different response to polarization
vector. In particular, the highest mode at 840 e,
which is assigned to the c-axis symmetric stretching
vibrations of the TiOs octahedra, appears
exclusively for the zz polarization configuration.
Also, the marked dependence of the TiOgs-octahedra
modes is observed in the ab-plane, which
predominantly contributes to polarization property
of BIT. The most prominent change concerns
highly anisotropic nature of the soft phonon (~30
cm™) and TiOg mode (~520 cm™); these modes
appear exclusively for the xx polarization
configuration (x // pelar axis). Moreover, these
modes consist of the displacement of the TiOg
octahedra, which is closely linked to the Ps. Thus,
these results clearly indicate that the Raman spectra
can be used as a fingerprint of the symmetry of
domain structures.

3.2. Nanoscale -characterization of domain
struetures in Bi,Ti;0y,

We now turn to the applicability of SNOM
Raman spectroscopy for nanoscale domain
characterization in BijT,0,. Fig. 4(a) shows the
optical image of investigated crystal, which consists
of striped 90° domains and needle-type domains.
We choose typical points at the domain interior (A
and B), and investigated polarization properties by
SNOM Raman measurements. Fig. 4(b) compares
Raman spectra taken from both A and B points.
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Fig. 3. Polarized Raman spectra measured for the xx, yy
and zz polarization configurations. Spectra were acquired
with conventional micro-Raman measurements.

From a comparison with polarization studies in Fig.
3, the polarization dependence of Raman spectra
exhibits local symmetries that reflect domain
structures. The spectrum of point A [Fig. 4(b)]
gives rise to the observation of the in-plane TiGs
mode. This polarized spectrum was quite
reproducible, and was in agreement with xx
configuration (Fig. 3), indicating the a-domain state
of this region. At the point B, the spectrum [lower
spectrum in Fig. 4(b)] resembles the one rather
close to the yy configuration. These differences in
the spectral features between A and B clearly
indicate the rotation of the crystallographic axes
associated with the 90° domain walls.

We also investigate the structure of domain
walls. In Fig. 4(b) we compare Raman spectra taken
from domain wall (point C) and domain interior
{points A, B). Clearly, Raman spectra at domain
walls exhibit local symmetry breaking. Of the most
notable is the highest-frequency TiOg mode (at 840
cm™), which shows clear two-mode behavior with
the appearance of new mode (marked by an arrow).
From our preliminary PFM analysis, this region is
refated to 180°-domain wall with head-to-head or
tail-to-tail configuration. Usually, this kind of
“charged” domain wall strongly interacts with
oxygen vacancies. Thus, the newly observed mode
is associated with symmetry breaking, due fo
oxygen vacancies at the domain wall.
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Fig. 4. (2) Optical image of investigated BIT crystal,
which consists of striped 90° domains and needle-type
domains. (b) SNOM-Raman spectra taken from domain
interior (points A, B) and domain wall (point C).
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We now consider the possible origin of the
defect-induced mode. The 840-cm™ TiOs mode is
associated with the oxygen vibration of the TiQg
octahedra. Also considering Raman selection rule
in triple layers of perovskite units, the outside TiOg
octahedra are normally Raman-active, but the
inside one is forbidden. Thus, the main Raman band
(at 840 cm™) comes from the outside octahdera. On
the other hand, the defect-induced mode can be
assigned to the vibration of the oxygen vacancy at
the inside octahedra. Actually, this picture of the
defect structure is in goed accordance with recent
structural studies [13]. From detailed structural
study based on neutron diffraction and ab-inito
calculation, the inside octahedra have much lower
energy for vacancy formation, and the dominant
defect species are oxygen vacancies at the inside
octabedra [O(1) site]. These results demonstrate the
usefulness of SNOM-Raman spectroscopy for the
study of nanoscale domain structures, including
detailed information on domain walls and defects.

3.3. Nanoscale domain imaging in Bi,Ti; O,

We note that Raman imaging provides another
prospective of detailed domain pictures near
domain walls. Fig. 5(a) represents Raman-intensity
mapping of the defect-induced mode (V) near
point C in Fig. 4(a). As discussed, this mode is
intimately linked to oxygen vacancies, and Fig. 5(a)
thus provides some information on vacancy
distribution. Clearly, an abrupt change in the
Vé-mode intensity occurs at the domain walls, and
the highest intensity is located at needle-end. Thus,
oxygen vacancies are highly accumulated near the
needle-end, which is associated with domain
pinning sites. We also note that the V& mode is
widely distributed along domain walls,
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Fig. 5. SNOM Raman imaging for the intensity (a) and
frequency (b) of the defect-induced mode (V3) near point
C in Fig. 4(a). Scan area is 500 % 500 nm. The Raman
images are acquired by detecting the intensity and
frequency of the V& mode {at 880 cm™). The V& mode is
intimately linked to oxygen vacancies, and these images
provide information on V§ distribution and Vé-induced
strain energy.

In Fig. 5(b) we also investigate the distribution
in the Vé-mode frequency. Since Raman frequency
is quite sensitive to stress or stain energy, Fig. 5(b)
shed new light on pinning effects or strain cffects.
From a comparison between two images [Figs. 5(a)
and 5(b)], there is some similarity. As with the Vo
distribution, the strain field is highly localized
along domain walls (or pinning sites). This is a
clear signature for stain-field effects due to pinning
of oxygen vacancies, and planer defects (due to
oxygen vacancies) that accumulated near domain
walls cause a strong domain pinning. We believe
that these SNOM-Raman data are the first
spectroscopic evidence for geometrical structure of
domain walls and location of oxygen vacancy.

4. SUMMARY

We have utilized SNOM-Raman scattering to
nanoscale domain characterization. In BiyTi:Op
(BIT) single crystal, we find that the polarization
dependence of Raman spectra exhibits local
symmetries that reflect domain structures. Raman
spectra at domain walls exhibit local symmetry
breaking due to the presence of oxygen vacancies.
Moreover, SNOM-Raman imaging demonstrate the
usefulness of SNOM-Raman spectroscopy for the
stndy of panoscale domain structares, including
vacancy distribution, strain field, pinning effects
near domain walls. These SNOM-Raman results
shed new Hight on understanding of domain
structures in BIT.
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