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5-1 Ferroelectricity in (Tb,Dy)MnQO,
Derived from Spiral Spin
Ordering

Strong coupling between ferroelectricity and mag-
netic order has attracted much interest since Kimura
et al. reported a magnetic-field-induced flop of electric
polarization from the ¢ to a direction in TbMnO; and
DyMnQ; [1,2]. This unique magnetoelectric effect is
ascribed to a magnetic-field-induced phase transition
in geometrically frustrated Mn-spin systems [3]. In fact,
our synchrotron X-ray diffraction study indicates that ap-
plication of magnetic fields causes an abrupt change in
antiferromagnetic structure upon the polarization flop [4].
Some magnetic structures in geometrically frustrated
systems generate macroscopic electrical polarization,
while others do not. In earlier studies, ferroelectricity
was considered to arise from the incommensurate-
commensurate transition in antiferromagnetic Mn-
spin order [1,2]. However, it has been pointed out that
transverse spiral spin ordering, in which the spiral axis
is perpendicular to the propagation vector, can also
induce ferroelectric polarization regardless of the com-
mensurability between the spin modulation and the
crystal lattice. According to Katsura et al. [5], the posi-
tion of the oxygen ion between the two magnetic ions
(M, and M,) can be affected by the vector product of the
two magnetic moments, SxS; (see Fig. 1(a)). Since the
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Figure 1

(a) The position of the oxygen ion between the two magnetic ions
is affected by the vector product of the two magnetic moments.
(b) Transverse spiral spin order moves each oxygen ion in the
same direction. (c) In the paraelectric phase the Mn spin moments
are sinusoidally almost aligned in the b direction. (d) At lower
temperatures the Mn spin moments align in a transverse spiral
(elliptical) form, producing macroscopic polarization along the ¢
axis.

vector product of any two neighboring Mn moments is
almost uniform in transverse spiral ordering, all the oxy-
gen ions are displaced in the same direction and hence
ferroelectric polarization emerges, as shown in Fig. 1(b).
This mechanism is closely related to the antisymmetric
superexchange or the so-called Dzyaloshinsky-Moriya
(DM) interaction [6,7]. A bending M,-O-M, bond lacking
an inversion center favors a canted spin arrangement.
This antisymmetric superexchange interaction is ex-
pressed as D-SxS, where the DM vector D depends on
the displacement of the intermediate oxygen.

In order to clarify the origin of the ferroelectricity, we
performed synchrotron X-ray and neutron diffraction
studies on magnetic structures in (Tb,Dy)MnO; [8]. Off-
resonant synchrotron X-ray diffraction measurements in
RMnO, with various rare earth elements R were carried
out at BL-4C. The superlattice modulation wavenumber
was deduced from the superlattice reflection position
and is plotted as a function of temperature in Fig. 2. The
ferroelectric transition temperature for each compound
is indicated by an arrow. The modulation vector is com-
mon and independent of temperature in both the para-
electric and the ferroelectric phases in (Tb,Dy)MnO;. It
is well known that the superlattice modulation vector is
twice as large as the propagation vector of the antiferro-
magnetic order. As a consequence, in (Tb,Dy)MnO; we
conclude that the ferroelectricity in these compounds is
irrelevant to the commensurability of antiferromagnetic
spin order.

The magnetic structure in the paraelectric and fer-
roelectric phases of Tb, gDy, 3,MNO; below the Néel
temperature (~40 K) was deduced from single-crystal
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Figure 2

Modulation wavenumber in Mn spin (gy.g) and lattice (Giyice=2qmag)
system of perovskite manganites RMnO; as a function of
temperature for various rare-earth element R. Magnetic modulation
vector is described as Q=(0, Gy, 1). GATb denotes Gd,;Tb,s.
Two sets of data of TbDy are for Tby5,Dyos0 and Tbg 3Dy es-
Arrows indicate ferroelectric transition temperatures.
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neutron diffraction data collected using a neutron four-
circle diffractometer FONDER at JRR-3M, Japan [8].
The obtained magnetic structures are schematically
shown in Figs. 1(c) and (d). The almost collinear align-
ment of Mn spin moments observed in the paraelectric
phase changes to transverse spiral ordering upon the
ferroelectric transition. We have clearly shown that the
ferroelectricity in (Tb,Dy)MnO; has its origin in trans-
verse spiral ordering in Mn spin moments.
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5-2 Antiferro Orbital Ordering in a
Mn Oxide Thin Film

Charge order and orbital order (CO/OO) are char-
acteristic phenomena of correlated electron systems.
Manganese oxides are good examples of such systems
since they display various ground states and compli-
cated interplay of the charge, spin and orbital degrees
of freedom [1]. Control of the ferro-orbital ordering
has been achieved by utilizing the thin film technique
[2], manipulating the in-plane strain in the specimens.
Although a number of films have been fabricated on
cubic perovskite (001) substrates, none have shown a
first-order metal-insulator transition [3], which is often
observed in bulk Mn oxides at the CO/OO transition
temperature. The strong coupling between the orbital
and lattice degrees of freedom which enables control of
the ferro-orbital ordering is thought to prevent a sharp
phase transition to the OO phase. It has been reported
[4] that Nd,5Sr,sMnO,/SrTiO4(011) shows a sharp first-
order phase transition around 170 K (T,); the resistivity
as a function of temperature observed for this sample
is shown in Fig. 3(a). We have studied the OO in this
new system with the (011) substrate by making X-ray
diffraction measurements in order to clarify what modes
of lattice distortion are required for the metal-insulator
transition [5].
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Figure 3

(a) Electric resistivity of Nd,sSr,sMnO4/SrTiO4(011) [4],
PrysCa,sMnO,/SrTiO4(001) [3] and bulk Nd,sSr,sMnO; [6] as
functions of temperature. (b) Temperature dependence of the
lattice parameters of Nd,sSr,sMnO,/SrTiO,(011) measured at BL-
4C. The inset shows the intensity distribution around the (3/4 7/4
3/2) superlattice position at 10 K and 280 K. A sharp peak was
observed below150 K.

The X-ray diffraction experiments were carried out
at BL-4C and BL-16A2. These beamlines are equipped
with standard four-circle diffractometers with closed-
cycle refrigerators. Epitaxial films were grown by the
pulsed-laser deposition method to thicknesses of 80 nm.
Our experimental results, presented in Fig. 3(b), show
a drastic change in the lattice parameters at the metal-
insulator transition temperature of 170 K, as well as the
appearance of superlattice reflections below 150 K. The
lattice parameters observed are similar to those for bulk
crystals. The low-temperature lattice parameters char-
acterized by a ~ b > ¢ are in good agreement with those
associated with X*-)?- type ferro OO and 3xX°-F/3)/—F-
type antiferro OO.

Based on the position of the superlattice reflections,
the size of the unit cell below 150 K was found to be
J2x2,/2x2 times as large as that of the SrTiO;, unit cell.
Measuring a large number of superlattice reflections,
we have deduced a CE-type orbital-ordered structure
shown in Fig. 4, whereas the structure between 150 K
and 170 K is an X*- /- type ferro OO. This is the first ob-
servation of an antiferro OO in manganite epitaxial thin
films; using (011) substrates allows a lattice distortion
that decreases the free energy of the antiferro OO while
(001) substrates prohibit it. This result provides a clue
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Figure 4

Schematic view of the orbital order structure in the Mn oxide thin
film on SrTiO, (011) substrate. White spheres represent the Mn*
ions, orange symbols the Mn®* ions, and the c- and (011)- planes
are displayed in grey and green, respectively.

to the possible modes of distortion that directly relate to
the antiferro OO. For example, (a) shrinkage of the c-lat-
tice constant without any large change in cell volume,
and (b) causing different lengths of a+b and a-b (i.e., lat-
tice parameters a and b in v2x+/2x2 orthorhombic cell).
This result shows that studying thin films provides much
information about the relation between the lattice strain
and the orbital ordering, which couples closely to the
electron correlation.
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5-3 Photo-Induced Effects in
Quantum Paraelectric SrTiO,
Probed by X-Ray Absorption
Spectroscopy

The study of photo-induced phase transitions is of
great importance not only in the basic fields of non-equi-
librium physics but also for the invention of new devices.
SrTiO, has a quantum paraelectricity (QPE) below 105
K due to the competition between quantum fluctuations
and cooperative dipole-dipole interaction. Unique photo-
induced effects such as self trapped exitons [1], gigantic

photo-induced dielectric constants [2] and giant photo
conductivity [3] have recently been observed in QPE-
phase SrTiO;. The pre-edge peak in Ti K-edge X-ray
absorption near edge structure (XANES) spectra is very
sensitive to the inversion symmetry at a Ti-atom site
and changes in electronic state. Thus XANES is a pow-
erful tool for exploring the detailed electronic structure of
SrTiO; influenced by photo-induced effects.

Photo-induced XANES spectra have been recorded
at the Ti-K edge in SrTiO; utilizing BL-9A. The sample
was a 10 x 10 x 1 mm® single crystal of SrTiO,. A Hg-
Xe lamp with a heat-ray-cutting filter was used as a UV
source, providing an output power of 5 mW/cm?® at the
sample.

The red trace of Fig. 5 shows the Ti K-edge XANES
spectrum recorded at 12 K. Three well-resolved pre-
peaks (A1, A2 and A3) are observed. Judging from the
azimuthal-angular dependence, the A1 and A2 peaks
can be attributed to electric-quadrupole transitions asso-
ciated with excitations from the 1s-core to the 3d(t,,) (A1)
and 3d(e,) (A2) valence states. The azimuthal-angular
dependence of the intensity of the A3 peak shows that it
can be attributed to an electric-dipole transition.

The blue trace of Fig. 5 shows the photo-induced
XANES spectrum recorded at 12 K. Under UV irradia-
tion only the intensity of peak A2 increases (arrow). The
inset of Fig. 5 shows the intensity of the A2 peak plotted
against time, with UV irradiation taking place between 0
min and 30.5 min. The observed lifetime of the change
in the spectrum induced by UV irradiation was about
10 min. This photo-induced effect was observed only in
the QPE phase and not in the high-temperature phase.
A theoretical calculation indicates that the increase in
intensity of only the A2 peak arises from the displace-
ment of Ti atoms toward the oxygen atoms. Moreover,
in the extended X-ray absorption fine structure (EXAFS)
region, the period of the EXAFS oscillations does not
change under UV irradiation, but the EXAFS amplitude
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The photo-induced effect in the pre-edge region of Ti K-edge
XANES. The inset shows the intensity of peak A2 plotted against
time.
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Figure 6
Schematic representation of the local vibration excited by UV
irradiation in the QPE phase.

slightly increases with UV irradiation (not shown here).
Thus, it is concluded that vibrations along the direction
of the Ti-O bond are excited by UV irradiation.

A schematic representation of the uniaxial photo-
induced vibration at the Ti atom is given in Fig. 6. This
photo-induced behavior can be explained by a fluctua-
tion of the inversion symmetry accompanied by local
vibrations of the Ti atoms excited by UV irradiation.
Therefore, the result of the photo-induced X-ray ab-
sorption experiment clearly shows that the ferroelectric
fluctuation has been enhanced in photo-irradiated QPE
systems. The full results of the present experimental
study are published in [4].
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5-4 Co-Existing Handednesses
of Lamella Twisting in a
Spherulite of Polymer Blend

It is well known that some polymer crystals form
twisting lamella structures when they grow from the
center of a spherulite, and that spherulites with banding
patterns (banding spherulites) can be observed using a
polarized optical microscope (POM) in such polymers
due to the periodic change of the direction of the index
ellipsoid. The origin of this twisting has been widely
investigated and discussed [1,2]. Mechanisms such as
main chain chirality and asymmetric stress at the growth
front have been suggested. When considering the origin
of such lamella twisting, handedness is one of the most
important ingredients since it is expected to be strongly
related to the twisting mechanism. When the origin of
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twisting is chirality in the main chains of the polymer,
the chiral nature may relate to the handedness of the
lamella twisting. On the other hand, when the twisting
originates in the asymmetry of stress at the growth front
(such as the main chain tilt), handedness is likely to be
random.

Poly(e-caprolacton) (PCL)/poly(vinyl butyral) (PVB)
blend is known as a blend system which forms a large
spherulite (diameter of around 1-2 mm for 40°C iso-
thermal crystallization) with highly ordered banding [3].
It is considered that the hydrogen-bonding interaction
between PCL and PVB is the origin of suppression in
the nucleation rate, resulting in the formation of a large
spherulite. With respect to the driving force to form a
twisting lamella structure in PCL/PVB, neither of which
have chiral structures in the main chains, it is reason-
able to think that there exists some form of asymmetric
stress at the growth front of the PCL crystal due to the
inhomogeneous distribution of PVB. In PCL/PVB, some
straight lines along the radial direction of the spheru-
lite are observed under POM (Fig. 7), which are also
observed in some of other band spherulites [4]. By us-
ing microbeam-scanning wide-angle X-ray scattering
(WAXS), we have investigated the origin of the straight
line and its relation to the handedness of lamella twist-
ing [5].

PCL and PVB supplied by Polysciences Inc.
(Warrington, PA) were used as received. The molecu-
lar weight of PCL was 65,000 and that of PVB was
100,000. The PCL/PVB blend sample was prepared
by dissolving PCL and PVB in the common solvent
tetrahydrofuran with a blend ratio of 95/5. The obtained
PCL/PVB blend sample was pressed to a thickness of
20-30 pm and isothermally crystallized at 40°C. The mi-
crobeam WAXS experiment was performed at BL-4A [6].
The X-ray beam was focused to 4x4 um® at the sample
position with a Kirkpatrick-Baez mirror. We scanned the
spherulite along the left- and right-side of the lines with
the microbeam with a step size of 1 ym and measured
the periodic change of the azimuthal angle of 110 re-
flection positions in the WAXS. In Fig. 8, the sequences

Figure 7

POM image of PCL/PVB banding spherulite. Straight lines
radiating from the center are observed. The location of the region
scanned with the microbeam is also indicated.



of the azimuthal intensity distribution of 110 reflections
at the left (L) and right (R) sides of the straight line are
shown as contour maps, in which the azimuth angle is
taken as abscissa and the microbeam position as ordi-
nate. From Fig. 8, we have observed that the manner
of the periodic change of the 110 reflection in WAXS is
clearly inverse between the left and right sides of the
straight line with respect to the direction of the X-ray
beam scanning. This result clearly indicates that the
straight line observed under POM is the ‘boundary line’
of handedness in a band spherulite, and further that
both handednesses co-exist within ‘one’ spherulite. This
coexistence of handedness also indicates that the la-
mellae growing from a nucleus of a spherulite are twist-
ed cooperatively only with neighboring lamellae, and not
with all lamellae from the nucleus.
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Figure 8

Intensity contour maps of the 110 reflection azimuthal distribution
in WAXS using an X-ray microbeam scanning L line (upper) and
R line (lower) of the PCL/PVB band spherulite shown in Fig. 7.
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5-5 Intralayer Molecular
Orientation in the B1 Phase
of a Bent-Core Liquid-Crystal
Molecule Studied by X-Ray
Micro-Beam Diffraction

Achiral bent-core liquid crystals are very interesting
from the viewpoint of “chirality” appearing in an “achi-
ral” molecular system [1], and have been investigated
experimentally and theoretically by many researchers.
Bent-core molecules exhibit specific mesogenic phases,
B1~B8, different from those in rod-like molecules. The
determination of the structure in each phase is crucial
but not easy due to the difficulties in obtaining large
uniform domains. The B1 phase was found in P-6-O-
PIMB (Fig. 9(a)) [2]. A two-dimensional (2D) modulated
structure (Col(p2mg)), shown in Fig. 9(b), has been
proposed for this phase based on macroscopic X-ray
diffraction studies. On the other hand, another 2D struc-
ture (Col(pm2;m)), shown in Fig. 9(c), has been very
recently proposed for other compounds [3].

In order to determine precisely the molecular ori-
entation in the B1 phase, X-ray micro-beam-diffraction
measurements were carried out at BL-4A, and the rela-
tion between the layer structure and the intralayer mo-
lecular orientation are discussed. The sample used was
P-6-O-PIMB (see Fig. 9(a)), sandwiched between two
80-pm-thick glass plates coated with an ITO electrode.
The cell gap was 29 pm. We were able to obtain rela-
tively large uniform B1 domains, as shownin Fig. 10(a),
by gradually cooling from the isotropic liquid. The X-ray
energy was 14 keV and the beam size was 3x4 pm® [4].
A CCD camera with an image intensifier was used as a
2D detector.

Figure 10(b) shows the 2D X-ray profiles at small
and wide angles before applying an electric field. At
small angles, only one pair of (002) spots was observed.
The corresponding spacing (19.3 A) is almost equiva-
lent to half of the molecular length. At wide angles, four
diffuse peaks were observed symmetrically with respect
to (002) spots, and the angle between them, 36.7°, is
close to the supplementary angle of the molecular bend-
ing angle of 132.3° (see Fig. 9(a)). Figure 10(f) shows
the 2D X-ray profiles at small and wide angles obtained
from the same irradiated spot under the application of
a DC electric field. At small angles, two additional pairs
of spots with a spacing of 29.1 A appear symmetrically
with respect to the (002) spots. At the wide angles, the
diffuse-scattering pattern also changes to two peaks.
This pattern arises from the 2D modulated structure,
and the additional spots correspond to (101). Consider-
ing that the powder X-ray diffraction results exhibit (002)
and (101) diffraction peaks regardless of the applied
field [2,3], we conclude that this change in diffraction
pattern is not caused by a structural change, but by a
layer (or molecular) orientation change. Our result in-
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