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(1) Present status of soft x-ray undulator beamline
BL17SU

In order to advance the soft x-ray spectroscopic
studies for materials science, we have constructed the soft
x-ray undulator beamline BL17SU at SPring-8. Since the
first ignition of the undulator radiation, we have been
carrying out the commissioning of the beamline. The
branch-A of the beamline has been opened for user
experiment since last fiscal year. In this fiscal year, after
the commissioning of the branch-B, we could start user
experiments at two end-stations installed at the branch-B.
In both branches, with the aid of the high performance
temperature control system for the optics, we can provide
a high-resolution and highly stabilized soft x-ray beam
into each end-station. The beamtime is -effectively
allocated between four typical end-stations and general
user visiting the carry-in area, they are realizing great
results at each end-station by using such high-quality soft
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x-ray beam.

(2) Development of high performance soft x-ray
emission spectrometer

Soft X-ray emission spectroscopy (SXES) is a

technique applicable to various systems like solid, gas,
surface adsorbate, liquid, and solution. However, the
energy resolution of a soft X-ray emission spectrometer is
insufficient to the study of the electronic structure of these
systems. Thus, we have developed new emission
spectrometers that have much higher energy resolution
and detection efficiency than conventional spectrometers
by improving optics and detection technology.
In this year, we newly developed a high performance
slit-less flat field spectrometer based on succeeded design
of previous spectrometer (HEPA2). To reduce the
adjustment time for optics of spectrometer, all optical
components were designed to mount on base plate
connected through positioning pin. High precision
machined base plate using low-expansion material, ductile
cast iron, was introduced to improve stability of energy
axis Vibration isolators for vacuum pump was also
introduced to reduce fluctuations of energy axis. Based on
stability of storage-ring and beamline of SPring-8,
adjustment time of new spectrometer was dramatically
reduced. The new spectrometer (HEPA2.5) is installed in
BL17SU as a spectrometer for experiments of liquids and
solutions.

(3) Soft x-ray spectroscopy of surface and interface

We have studied electronic  structure  of
surface/interface and new functional materials using an
UHYV apparatus in SPring-8. The apparatus enables us to
investigate both occupied and unoccupied -electronic
structures by use of soft x-ray spectroscopy such as
absorption, photoemission, and soft x-ray emission. This
year, we have studied electronic structure of oxygen
vacancy state in TiO,(110). TiO, has various function such
as photocatalysis, and the vacancy plays a key role.
High-resolution resonant-photoemission spectra reveals
for the first time that the vacancy induces an unoccupied
state below the bottom of conduction band in addition to a
well-known occupied state just above the top of valence
band. Both the state has Ti 3d character of Ti,Oj3, and the
occupied state clearly shows one—dimensional band
dispersion.

(4) Element-specific soft-x-ray emission study on the
electronic structure of aqueous metalloproteins

Based on the Fe 2p resonant soft X-ray emission
results on aqueous myoglobins last year, we have
improved the experimental setup and obtained Fe 2p
resonant soft X-ray emission (Fe dd excitation) spectra of
four specimens (MbCO, deoxyMb, MbCN, metMb)
having different spin and charge states which depend on
substrates attached to the iron site. By applying nitrogen
gas into the liquid flow-through cell, we have succeeded
to control the rate of denatured species from 30 % to 10 %
for reduced myoglobins (MbCO, deoxyMb). The observed

spectra show quite little difference in the electronic
structure at Fe site among substrate binding myoglobins,
which can be understood by a delocalized character of the
heme Fe 3d states through strong hybridization with
ligand states. This explains why various spin and charge
states can exist within small energy from the ground state
in myoglobins. This is analogous to the physics discussed
in transition metal impurities embedded in the light
element matrix, e.g. dilute magnetic semiconductors. This
should be the first experimental result that shows a
possibility to understand the electronic structure of
metalloproteins by a notation used in solid-state physics.

(5) Time Resolved Spectroscopy with Femtosecond
Lasers

Recently, Lasers has been applied as new
spectroscopic methods with a progress of high power laser
systems. In this study we are planning time-resolved
spectroscopic systems by a pump-probe method.

I. Timeresolved photoemission spectroscopy with the
femtosecond laser and high order harmonics

Study of electron state dynamics related to
photo-induced phase transition has been attracted as not
only interest in solid state physics but also development of
novel photonic devices for a few decades. Photoemission
spectroscopy, which enables to observe electron state
directly, has been powerful tool to elucidate mechanism of
superconductors and semiconductors. We have developed
time-resolved photoemission spectroscopy (TRPES)
system with pump-probe technique for measurement of
electron state dynamics. Fundamental pulses of Tisapphire
laser (wavelength: 840 nm, pulse duration: 100 fs,
repetition rate: 1 kHz) and fourth harmonics pulses
(wavelength: 210 nm, 5.9 eV) generated by nonlinear
crystals has been employed as pump and probe
respectively. We are also developing another TRPES
system with 8.8-eV (wavelength: 140 nm) probe, which is
generated by focusing a second harmonics of Ti:sapphire
laser onto a Xe gas cell as third harmonic generation. We
have observed temporal change of photoemission spectra
in graphite. We are planning to measure strong correlated
materials, such as a 3d transition metal oxides (VO,,
Pr;(Ca,Sr,){MnO;), 1-dimensional organic complex
and Bi-Cu Oxide superconductor, and will study the
influence of electron state under photo-excitation to phase
transition.

Il. Timeresolved spectroscopy with irradiation of
laser and SR pulses
We are developing synchronization system between an
intense femtosecond laser and soft X-ray pulse at BL17SU
in Spring 8. This system is useful as the time-resolved
spectroscopy with laser pump and soft-X-ray probe. In
pomp-probe measurement, time resolution depends on
pulse duration of photon beams. Therefore a time
resolution of 40 ps is obtained for 100-fs and 40-ps pulse
durations of the laser and soft-X-ray respectively. We
have also generated not only the fundamental beam of the
laser, but also the second and third harmonics with
nonlinear crystals. In the future we will employ the optical
parametric amplification (OPA) system as a turnable laser
source. Irradiation of these photon beams enables to excite
the sample to variable site.
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These laser beams delivered to the experimental station
of BL17SU are used for study of unoccupied states with
photoemission, Soft X-ray Absorption and emission
spectroscopic methods. Especially with the time-resolved
photoemission spectroscopy, not only dynamics of
adsorption molecules on solid surface and chemical
reaction with photo-catalysis, but also the photo-induced
phase transition phenomenon, which has attracted a great
deal of attention recently, is very interesting. We are going
to study the dynamics of various materials with this
system.

(6) Soft x-ray angle-resolved photoemission study in
LaNiO3 thin film

Among the perovskite oxides, the series RNiO; (R:
rare earth) are well known to show interesting behaviors
such as MITs, spin and orbital ordering. LaNiO; with a
trivalent Ni** (tzg(’egl) is the reference material of the series
and exhibits enhanced Pauli paramagnetic metal behavior
down to low temperature. Since growing bulk single
crystal of LaNiO; is very difficult, the study of the
electronic structure by photoemission spectroscopy (PES)
of a single crystal has not been possible to date. However
single crystalline epitaxial thin films have been
successfully synthesized for device applications. We
performed in-situ angle-resolved PES spectra of LaNiOs
thin films fabricated using a pulse laser deposition
technique. The sharp density of states at Fermi level was
observed, which corresponded to the Ni 3d gy state and
was not resolved clearly in previous PES spectra of
polycrystalline LaNiO;. The out-of-plane and in-plane
cuts of the three dimensional electron- and hole-Fermi
surfaces are observed by energy- and angle- dependent
photoemission measurements. The energy bands forming
the electron FSs show a ‘correlation kink’ at an energy
scale of ~0.3 eV. The results indicate a mass
renormalization of the electron bands near Fermi level in
strongly correlated LaNiOs.

(7) Selective electronic state observations of liquid and
aqueous solutions using soft x-ray emission

As electronic stated observation is a powerful research
tool in solid state physics, observations of electronic state
for liquids and solutions, which contains information of
liquids property or chemical reaction, is important for
physics, chemistry and Dbiology. While many
spectroscopies were utilized in physics and chemistry,
direct observation method for valence electronic states of
liquids is limited due to experimental difficulties. We have
developed a measurement system for soft x-ray emission
spectroscopy (SXES) to study the electronic structure of
liquids and solutions. SXES is possible to use as tools to
observe molecule selectively in a solution sample which is
a multi-component system with more than two molecular
species using difference of x-ray absorption structure
depend on molecular species. For example, carboxyl
group (-COOH) has Ols absorption structure
corresponding to C=O—r* resonant transition at different
energy from Ols absorption of water. Using this resonance,
we successfully demonstrate selective observations of

Glycine (amino acid) in aqueous solution. Last year, we
found a splitting of the lone-pair derived 1b1 peak in high
energy resolution Ols emission spectra of liquid pure
water, which was not observed in previous low energy
resolution experiments. In this fiscal year, we study a
splitting in detail by measuring deuterium substitution
effect, temperature and excitation energy dependence. We
found that two components, ice-like species and distorted
species with broken hydrogen bonds, are exist in liquid
water in the short time scale (few femto seconds) which is
detected by soft x-ray emission.

As stated here, SXES becomes tool for the study of
liquid and solution owing to the measurement system we
developed. However there are a few reports on the
electronic structure of liquid and solution using soft x-ray
emission, thus we will carry this investigation forward
onto other liquids to study property or chemical reaction
of liquid.

(8) Study of single-photon multi-electron processes by
using soft x-ray undulator radiation

It is well known that the shake processes associate with
the multi-electron processes accompanying inner-shell
excitation. By investigating the resonant excitation /
relaxation processes related to the inner-shell multiply
excited states, we will study the dynamics of the
corresponding processes and extract the spectroscopic
information for the final states. We adopt the soft x-ray
emission spectroscopy as well as the photoelectron or
Auger electron spectroscopy for such studies, and we
observe the weak satellite structure originating from the
multiply excited states. In this fiscal year, we mainly
studied the single-photon multi-electron processes for Ne
atom.

(9) Development of a soft x-ray diffractometer

Since the 2p-3d and 3d-4f resonance energies fall in
the soft x-ray energy range (400-2000 eV), resonant soft
x-ray diffraction perfectly matches the study of ordered
phases at the 3d and 4f electron systems. It provides a
direct prove of the electrons participating in their exotic
electronic properties. Recent studies on strongly correlated
electron systems have shown the importance of soft x-ray
resonant scattering in probing such charge, spin and/or
orbital order. Soft x-ray diffraction is one of the unique
tools for a research of such systems.
In this year, we have developed a UHV (Ultra-High
Vacuum) diffractometer for carrying out soft x-ray
diffraction experiments. In order to determine the angular
resolution, we have carried out experiments on quartz
(100). The obtained results indicate an angular resolution
of better than 0.03 degrees. We also performed diffraction
experiments across the Si 1s absorption edge as a test case.
Surprisingly, we have found that the space group
forbidden reflection (001) becomes allowed on tuning the
incident photon energy to the Si 1s absorption edge.

(10) Theory of the hard x-ray core-level photoemission
spectroscopy for strongly correlated electron system

We have re-examined the valence-band (VB) and
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core-level electronic structure of NiO by means of hard
and soft x-ray photoemission spectroscopy (PES).

The spectral weight of the lowest energy state was
found to be enhanced in the bulk sensitive Ni 2p
core-level PES. A configuration-interaction model
including the bound state screening has shown significant
agreement with the core-level spectra, and the off and
on-resonance VB spectra. These results identify the lowest
energy state in core-level and VB-PES as the Zhang-Rice
doublet bound state, consistent with the spin-fermion
model and recent ab initio calculations within dynamical
mean-field theory (LDA+DMFT). The results indicate that
Zhang-Rice states in the first ionization state (the lowest
hole-addition state) are responsible for the transport
properties in NiO and doped NiO.
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