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Laser and Synchrotron Research (LASOR) Center
develops new lasers with extreme performance of
ultra-precise, high intensity and ultra-short pulse
lasers. The cutting edge soft X-ray beamline is also
developed using synchrotron radiation. LASOR center
is responsible for the advanced spectroscopy, such as
ultra-high resolution photoemission, time-resolved,
spin-resolved spectroscopy, diffraction, light scattering,
imaging, microscopy and fluorescence spectroscopy,
by new coherent light sources based on laser and
synchrotron technology over a wide spectrum range
from terahertz to X-ray. In LASOR center, a variety of
materials sciences for semiconductors, strongly-corre-
lated materials, molecular materials, surface and inter-
faces, and bio-materials are studied using advanced
light sources and advanced spectroscopy. The aim of
LASOR center is synthetic science for photon sciences
and collaborations with materials science. Most of the
research activities on the development of new lasers
with an extreme performance and the application
to material science are studied in specially designed
buildings D and E with large clean rooms and the
isolated floor in Kashiwa Campus. On the other hand,
the experiments utilizing the synchrotron radiation
are performed at beamline BL07 in SPring-8 (Hyogo).
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Suemoto Group
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Optical methods based on pulsed lasers are indispensable for
investigation of ultrafast phenomena in solids.

While, the ultrafast technique has been developed mainly
in the visible and near infrared region, the spectral range is
growing to long wavelength (mid infrared, terahertz) and
short wavelength (EUV, soft X-ray), recently. Our group is
engaged in investigation of excited states and their dynamics in
various materials i.e., inorganic oxides, organic complexes and
bio-molecules, taking full advantage of the pulsed light sources
from THz to soft X-ray region.

For this purpose, we developed transient absorption/reflec-
tion spectroscopy in visible and infrared regions, femtosecond
luminescence spectroscopy, terahertz time-domain spectros-
copy, and soft-X-ray time-resolved interferometery.

Our main interest is the dynamics of electron-lattice relax-
ation, magnetic ordering, and photoinduced phase transitions.

Wavepacket dynamics of the atoms in solids is investigated by
luminescence up-conversion method and the time development
of the wavepacket shape and splitting phenomena are observed.
Terahertz pump-and-probe method is developed and applied to
photoinduced phase transitions and spin related phenomena to

study their dynamical behavior.
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(a) Movie of the wavepacket taken for the self-trapped excitons
in quasi-one-dimensional Pt complex (Pt-Br) by means of time-
resolved luminescence. Ordinate (energy) corresponds to the devia-
tion of the atoms from the equilibrium position. The damped oscil-
lation and a splitting of the wave-packet at 300 fs are clearly seen.

(b) Wave-packet motion on an adiabatic potential energy surface.
The wave-packet proceeds to the left and splits on top of the poten-
tial energy barrier. (c) The central part of the femotosecond lumi-
nescence measurement optics.
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Atomic movie based on ultrafast luminescence spectroscopy
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Dynamics of photoinduced phase transitions and spin ordering by time-resolved infrared and terahertz spectroscopy
3. B X RS EHC & B EARRERIR O R E 2 fRE3 A

Time-resolved observation of surface morphology by a soft X-ray interferometer
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Anisotropic superconducting gap structure of the iron-pnictide supercon-
ductor KFe;As; revealed by ultra-high-resolution laser photoemission spec-
troscopy. The critical temperature is 3.4 K.
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We are investigating the properties of materials through
photoemission spectroscopy implemented by lasers in the
vacuum-ultraviolet to soft-x-ray region. Photoelectrons carry
the complete information of the electrons in solids, namely, their
energy, momentum, time, space, and spin.

The photoemission spectrometer utilizing the monochro-
matic laser achieves the energy resolution of 70 peV, which is
the highest in the world. This enables us to directly observe
the superconducting gaps and pseudo-gaps of novel super-
conductors and strongly-correlated materials, as well as the
momentum-resolved electronic structures that are closely
related to the transport properties of solids. We can also reveal
the electron-phonon or -magnon interactions in solids. We are
also performing time-resolved photoemission spectroscopy
in order to know the photo-induced phenomena in supercon-
ductors, transition metal compounds, organic materials, and
semiconductors. Furthermore, we are now developing photo-
electron microscope in order to know the nano electronic struc-
ture in solids. Our aim is to have the nanometer size microscopy
of electronic states.
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Laser Photoelectron microscopy (Laser PEEM)
that has an ultrahigh spatial resolution of 2.6nm.
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Ultra-high resolution laser-photoemission study on the superconductors and the low dimensional materials
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Time-resolved laser-photoemission study on the photo-induced phenomena
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Laser photoelectron microscopy on the electronic states of nanomaterials
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Firefly luciferase
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Nano-structures of al00
T-shaped quantum-wire
laser (a,b) and firefly
luciferase protein (c) .
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Advanced laser spectroscopy on the basis of lasers and
microscopy is developed and applied to semiconductor quantum
wires and other nano-structures, in order to understand and
control their optical properties quantum mechanically.

Femto-second pulse generation directly from gain-switched
semiconductor lasers is studied intensively to understand the
pulse dynamics and the shortest-pulse limit. High-quality III-V-
semiconductor tandem solar cells and their internal loss rates
and mechanisms are also studied. We make the world thinnest
and cleanest quantum-wire semiconductor lasers that have
superior laser performances such as low threshold currents.
Experimental findings and problems provide us fruitful physics
subjects related to 1D physics, many-body physics, lasers, solar
cells, crystal growth, material science, and semiconductor device
physics and engineering.

We are developing experimental techniques such as sensitive
luminescence detection, absolute luminescence-yield measure-
ments, transmission/absorption measurements of single nano-
structures, micro-spectroscopy, imaging, and solid-immersion
microscopy. Some of these techniques have been applied to
study of bioluminescence of fireflies, jelly fish, and sea fireflies as
well as luminol chemiluminescence.
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Device physics of gain-switched semiconductor lasers and solar cells
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Many-body interactions and non-equilibrium properties of low-dimensional electron-hole systems in clean semiconductor quantum wires and wells
3. FEHRETFEER L U7\ XD, SmE L. HWEFHE. BEHD R, EHREDA

Material physics and development of high-quality semiconductor nano-structures via microscopy
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Bioluminescence of firefly, jelly fish, sea firefly, etc. and bio/chemiluminescence measurement standards
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Overview of the time-resolved photoemission system at
high-brilliant soft X-ray beamline, SPring-8 BLO7LSU.
Synchrotron radiation pulses, generated at an undulator,
pass through a monochromator that is composed of mir-
rors (M) and a plane-grating (PG). A Ti:Sapphire laser
system (BLO7LASER) is installed at the beamline.
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Dynamics in materials, mainly the surface/interface systems,
are studied with developing experimental techniques for time-
resolved vacuum ultraviolet (VUV) ~soft X-ray (SX) spectros-
copy with high brilliance synchrotron radiation (e.g. SPring-8),
X-ray free electron laser, and HHG laser.

Roles of carrier and molecule dynamics at the surface/
interface systems are significant in voltaic effects and catalytic
reactions, for examples, that are necessary for our social
technology. Moreover, the surface/interface system is intrinsi-
cally two-dimensional and it has been a valuable playground for
low-dimensional physics. In our laboratory, we carry out time-
resolved measurements of photoemission and X-ray absorption
spectroscopy to directly probe temporal evolutions of electronic,
chemical, and spin states of materials during such dynamical
phenomena. We reveal their detailed mechanisms at each time
scale, ranging from femtoseconds to milliseconds, and promote
understanding of the whole picture by combining the sequential
information.
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Resonant magneto-optical Kerr effect on a Ni nanofilm taken
at various photon energy. When photon energy is tuned at
the Ni M-shell absorption edge, giant magneto-optical Kerr
angle was observed (exp.) and it was reproduced by simula-
tion (sim.) based on the resonant X-ray scattering theory. It
is expected that this resonant magneto-optical Kerr effect

with element selectivity and large signal generation plays sig-
nificant roles in researches in spin dynamics.
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Developments of time-resolved soft X-ray spectroscopy and researches on surface dynamics
2. XBEFOAERRICL 2EBHE L OFEAKRE - AHOEFREDOWME
Electronic structures of metal and semiconductor surfaces studied by means of photoelectron spectroscopy

3. BE/ULAMX R AW KB BEROBRE L BSRAEY YA FI 7 ADHE
Development of time-resolved experiments using ultra-short soft X-ray pulses and researches on ultrafast spin dynamics
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Kobayashi Group

B —F — DM ERF L Z DIHZTo T 5, #
FLOVAL —F — LA —F — L ORI G HHI T H %
JEREE 2 L OBFE & Z DIBHE RIS T 5, FRI2 YD
F=7"k 739707 7AN=LvokPFLnL —F—Ic kD
BERE DB LTlE ST —DL —F =2 A7 L2 BAF L
T2, EEHEDIELTOSAETIEEE— PR3 D
DHETELL —F—ZHKEL., 7= —F =05t
E-FEFEHITIEICED cwL = —2ED T2 e 5
TEBEICHHTER, o, BEFHAT—D7 241
oL —F =TI LIRS &2 Vv 5 2 2 I X D B kW o F
PRy —2 B SR ot — L FEZEENE R SR AL
Bty DM 2T oT W5, IGHELTIIEE T
Je, EFIREER KOG, RIS SRR,

P

IR ol FN:

KOBAYASHI, Yohei TANI, Shuntaro

IR EUE

Associate Professor Research Associate

We are studying advanced laser technologies and their appli-
cations. Both ultimate technologies of ultrashort pulse genera-
tions and ultra narrow-band laser generations were mixed,
the optical frequency comb then was born. It opened up a
new research area such as carrier-envelope-phase dependent
phenomena, attosecond physics, and precision spectroscopy
by using a femtosecond light source. It also realized the high-
repetition and high-intensity physics. It could create wide field
of applications in the physics, metrology, medical science, and
astronomy.

We are developing an Yb-fiber laser-base optical frequency
comb, XUV frequency comb, and high-power fiber chirped
pulse amplifier system for these applications. The high-repeti-
tion-rate laser system will be applied for a calibration of a
spectrograph in an observatory or an arbitrary waveform gener-

ation in an optical field, or a breath diagnosis.
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Optical frequency comb based ultra-high precision spectroscopy. The com-
bination of ultra-high repetition-rate laser and ultra-high resolution spec-
trograph makes it possible to resolve each comb tooth to detect the meta-
stable He atom.
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Offset-free optical frequency comb.

Development and precise control of ultrashort pulse laser system

2. BRDRL —=EBEYE

High-rep rate, high-field physics
3. BENK

Precision spectroscopy
4. XERBIALDKRX - [EFE - =EI5A

Astronomical, medical, and metrological application of the optical frequency comb
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CEP dependences of soft-X-ray high harmonic spectra in the water window
produced by an intense IR laser system.
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1. BREBRE/VULAL -5 — DR

Development of intense ultrashort-pulse lasers
2. 7 Kby

Attosecond physics

3. BREABSEZAVCEBSERRKOE & EFHliH
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Associate Professor Research Associate

We work on the development of intense ultrashort-pulse
lasers and their applications to ultrafast spectroscopy on femto-
to attosecond time scales. As for the light-source development,
we work on the methodology to produce waveform-controlled
intense optical pulses and to extend their spectral range towards
mid-infrared and THz regions. For the spectroscopic applica-
tions, we work on novel methods using strong optical fields and
attosecond soft-X-ray pulses aiming for dynamic molecular
imaging with attosecond and Angstrom precisions, and also on
femtosecond soft-X-ray spectroscopy of solids. By using phase-
controlled intense ultrafast light sources and frequency conver-
sion, we expect to produce optical pulses in extremely wide
spectral ranges with precise synchronization. We aim to use
such ultrabroadband coherent light for observing and control-
ling the dynamics of non-equilibrium states of matters through

various freedoms.

0.06 1 To =7l T 302
= p(Br*) N
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o o0 0 2
i

o006tV 1138

0 2 6

Delay (ps)
BRET IANILYINLRICEL > THES N HBr 2 FROEEGRRE, Billsh
fe R FEEM,
Time evolution of rotational wavepackets in HBr molecules (lower panel)
and achieved molecular orientation (above panels).

Observation and coherent control of ultrafast phenomena using strong optical fields

4. EEDBERR X 797
Soft-X-ray ultrafast spectroscopy of solids

THE INSTITUTE FOR SOLID STATE PHYSICS 2015



Fipl 2 & —L > FEREAI e v 7 —

Laser and Synchrotron Research Center

http://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/harada_group.html

B WEFE =

Harada Group
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HARADA, Yoshihisa  MIYAWAKI, Jun
IR EUE

Associate Professor Research Associate

We explore the origin of the electronic structure of materials
responsible for their electronic, magnetic and optical property
using intense and energy tunable X-ray source: SPring-8, one of
the most brilliant synchrotron facilities in the world. We have
developed novel spectroscopies for material science in ‘soft’
X-ray region. We are leading the world’s soft X-ray emission
spectroscopy, a kind of light scattering promising for electronic
structure analyses of liquids and operando spectroscopy of a
variety of catalysts. Our topics include study on elementary
excitations (crystal field excitation, spinon, magnon, charge
density wave, orbiton etc.) in strongly correlated materials like
Mott insulators and novel high Tc superconductors, electronic
structure analysis of aqueous solutions, interaction at solid-
liquid interfaces, surface reaction of fuel cell catalysts, electronic
structure analysis of reaction center in metalloproteins, electro-
chemical and photocatalytic reactions. We also explore basic
study on ultrahigh energy resolution optics for soft X-ray
emission and time-resolved spectroscopy.

Intensity (arb. units)

Energy loss (eV)

Ultrahigh energy resolution soft X-ray emission spectrometer
constructed for University of Tokyo outstation beamline
BLO7LSU in SPring-8.

TRIADKDHICS V AORG—UDNFET B EHBEA T SNl

Multiple vibrational excitation of H,O observed by the ultrahigh energy resolution
soft X-ray emission spectrometer. The energy separation reflects the profile of the
Morse function modulated by hydrogen bonding. Using soft X-ray emission we
confirmed the presence of a microheterogeneity in pure liquid water.

1. By MegE, SIRSEEEEREORERMEICK T 2RME (BRBE. AV, Y7/ Ve, SRRERE. $1.E

e R E) DEEER & % DA DHZ

Study on the origin and observation of elementary excitations (crystal field excitation, spinon, magnon, charge density
wave, orbiton etc.) in strongly correlated materials like Mott insulators and novel high temperature superconductors

2. KAERAODEFRELE IV O —. ERAEOEEIERICEY 5%
Electronic structure analysis of aqueous solutions to study microheterogeneity and interaction at solid-liquid interfaces

3. MBI B ORARIGENT. BRICFERIN. HAERINET. £BY >/ B ORI D) DZDBATFEDFHFK
Development of in situ soft X-ray spectroscopy for surface reaction of fuel cell catalysts, electrochemical reaction,
photocatalytic reaction and functionality of metalloproteins

4. MXBRADFHOBE I RILF — DL & KBDBED DT DEFELFAHR

Basic study on ultrahigh energy resolution optics for soft X-ray emission and time-resolved spectroscopy
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Wadati Group
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WADATI, Hiroki HIRATA, Yasuyuki
IR B3

Associate Professor Research Associate

We investigate the electronic structures, ordered states, and
dynamics of strongly correlated materials, such as transition-
metal oxides, by using x-rays from synchrotron radiation (e.g.
SPring-8). Our main experimental technique is resonant soft
x-ray diffraction, that is, x-ray diffraction performed by tuning
the x-ray energy at the absorption edge of the constituent
element. One can determine detailed magnetic structures of
extremely small samples including thin films and nanostruc-
tures. By this technique we study ordered states in materials
which show anomalous behaviors such as superconductivity and
giant magnetoresistance. We will further extend this technique
to time-resolved measurements by using time structures of
synchrotron x-rays and x-ray free electron laser (e.g. SACLA),
and directly measure the dynamical processes. These studies will
reveal the mechanisms of anomalous behaviors and contribute
to search for novel properties and phenomena in strongly corre-
lated electron systems.
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Schematic diagram of resonant
soft x-ray diffraction.
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Resonant soft x-ray diffraction study of ordered states in strongly correlated electron systems

2. KD EBRIAIRR X AREF DR

Development of time-resolved resonant soft x-ray diffraction systems

3. MXIRZERWH L WASEFERDRRE

Development of novel spectroscopic techniques by using soft x-rays
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Kondo Group
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plin:: 2H X
KONDO, Takeshi KURODA, Kenta
IR B

Associate Professor Research Associate

The momentum-resolved band structure provides funda-
mental information to understand the electronic properties
of materials. The angle-resolved photoemission spectroscopy
(ARPES) is a powerful technique to visualize the band struc-
ture by mapping the intensities of photoelectrons as a function
of angle and energy. With the spin-resolved technique, we
can also identify the spin-polarized character of the band. In
addition, the time-resolved ARPES realized with a pump-probe
technique can track the reordering process of electron system
from its nonequilibrium state. In our laboratory, we utilize these
various ARPES techniques and study the following phenomena:
nonconventional superconductors, heavy fermions, strongly
correlated systems, topological quantum phases, and quantum
well states. Furthermore, we develop a new ARPES machine
capable of achieving both the lowest measurement temperature
and the highest energy resolution in the world by innovating a
3He cryostat and a laser source. The state-of-art equipment will
enable us to identify even a subtle electronic feature close to the
Fermi level, such as an energy gap and a mode-coupled disper-
sion, which is typically tied to exotic behaviors of conduction
electrons.

(a) ALY =IRBIEEMHE BioSraCuOerq DfERIES, (b) KE
FT7FZA4Y— (c) BEDBRABFOARROERR, (d) /¢

YRDBDRAF Y T3 vk, (e) I\ RESEDRHFR, (f) 7z
ILIEBD THROBEE LY v v 7OHSER, (9) BEEER

BRE (To) LDBE (BIR) SEER (FiR) TUELLT7 DL

HEADDANRYT Mo (h) (@) TRIARTMILD T ETFTD
=5 BLERANFRTESNTHED, (f) TRAWICRI RO
FEREMINT o

(a) Crystal structure of Bi;SroCuQOg4q high-T. super-
conductor. (b) ARPES analyzer. (c) Diagram of ARPES
experiment. (d) Snapshot of dispersion image. (e) Whole
band structure. (f) Competition between superconduct-

ing gap and pseudogap. (g) Spectra around Fermi surface

below (red) and above (black) superconducting transition
temperature (T.=35K). (h) Difference between the curves
in (g). (h) Coherent spectral weight is painted with a red

color, which is corresponding to the red region represented
in (f).

1. BRL —F—ZMiEEXRE T BN REAREDELEF D IEE DRF
Development of a laser-excited ARPES system with ultra-high energy resolution
2. BENE - AEV DR - BEDBABEFINTRIBEEL MROYAIILEFH
Superconductivity and topological quantum phase investigated by angle-, spin-, and time-resolved photoemission spectroscopy

3. e ZFR LB F AN THIRT 2 EEEETRYE

Strongly correlated physics studied by photoemission with synchrotron radiation
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Okazaki Group
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OKAZAKI, Kozo
FHEERIR

Project Associate Professor

Angle-resolved photoemission spectroscopy is a very
powerful experimental technique that can directly observe
a dispersion relation between momentum and energy of the
electrons in solid-state materials, whereas by utilizing a femto-
second laser as pumping light and its high harmonic generation
as probing light, we can observe ultrafast transient properties of
the band structures in a non-equilibrium state. In our group, we
are developing and improving a time-resolved photoemission
apparatus that utilize high harmonic generations of an ultra-
short-pulse laser in collaboration with a laser-developing group.
We are aiming for understanding the mechanisms of electron
relaxations from photo-excited states and mechanisms of photo-
induced phase transitions by direct observations of transient
electronic states with a pump-probe type time-resolved photo-
emission spectroscopy. Also, we are aiming for understanding
the mechanisms of unconventional superconductivity by direct
observations of the electronic structures and superconducting-
gap structures of unconventional superconductors with a laser-
based angle-resolved photoemission apparatus with a world-
record performance that achieves a maximum energy resolution

of 70 pueV and lowest cooling temperature of 1 K.
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Schematic diagram of a time-resolved photo-
emission apparatus utilizing high harmonic
generations of a ultrashort-pulse laser.

Development of a time-resolved photoemission apparatus utilizing high harmonic generation from a ultrashort-pulse laser
2. KRFRIREN S OYE R OEF OEMEE. SFERERE OMRERE

Mechanisms of electron relaxation from photo-excited states and photo-induced phase transitions
3. BIERBEIEREL — T —AESEIEEFNNIC K BIEERIBIEAR DR

Mechanisms of unconventional superconductivities by ultralow temperature and ultrahigh resolution laser-based angle-

resolved photoemission spectroscopy
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K. Tanaka Group

BHSIDT S~y NDF A L. ZDYHERTE~D)E
HZEEIHINED TS, EHHIIT I~V DI TR L
D7 2L L =Y — (OOLRH7D 1 ~4m]) &

L2FHTHY, LINDO3 fE sz H 7 F oL v a7 Bo ks {Jlu
WRFIZL —F —FREA R T IR % oGRS
BEHAHL TS, BB, EE @k?éu

AL T IMV/cm 2 255D THD, 1KHz DFEDIKELT
ImW DL EDISEH Do NT05, ZOT 7~V Y%
T, BEIR, RIE, EEREEZNRE LRI T T~
I IR S i R LT, 3TI, RERD VR
& DB AL IR B RN IR I E R EDFT 72
FRICHEIIL Tz, 7o, ZOEMiZHWTERED 100 550 1
DI RRE %A T 2 EG B FIRER OB DHED TV 5,

FifRa e —L > bEREETE R v & —

Laser and Synchrotron Research Center

I v ECRTEZE

Y. Tanaka Group
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TANAKA, Koichiro
EEHE

Visiting Professor

We are developing high-power THz wave generation
techniques and their application to the solid state physics. Our
method of high power THz wave generation is based on the
Cherenkov-type rectification process in LiNbOj; crystals, or
the four-wave-mixing process in laser induced gas-plasma with
amplified femtosecond lasers (4m]/pulse). This has allowed us
to generate an intense THz wave over 1 MV/cm in the electric
field in the repetition rate of 1 KHz. Recently, our group has
been exploring non-linear optical responses of semiconduc-
tors and biological materials and we have found various novel
phenomena that have never before been observed. Simultane-
ously we are developing a near-field THz microscope working at
video rate. These technologies will open the doors to new THz
sensing and imaging applications in the near future.

-~
He R

TANAKA, Yoshikazu
BEHER
Visiting Professor

Spin, orbital and charge orders, hardly observed by conven-
tional X-ray diffraction, are observed by soft x-ray resonant
diffraction. In new functional materials, like multiferroic,
high-Tc materials, etc, of strongly correlated electronic systems,
the 3d or 4f electrons play a crucial role for the novel properties.
Soft x-ray diffraction provides one of the indispensable tools to
observe the orders of valence electrons directly. It has developed
in 21° century with the advent of the synchrotron sources.

We have developed a quite unique soft x-ray diffraction
system with super conducting magnets, low-temperature
cryostat, and focusing mirrors. For example, we have succeeded
to observe 3d orbital order in CuFeO», which shows the multi-
ferroic property. In addition, we have succeeded to observe
2-dimensional images of spin and orbital chirality in several
materials. In present, we are developing a time-resolved x-ray
diffraction system using a laser system which has high intense
and short pulses. It provides us to observe a variety of unstable
ordered systems as a function of time. Especially, the study of
phase transitions pumped by the high intense laser beam is one
of the cutting-edge fields in the condensed matter physics. We
will participate in this field intensively.
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Figure-8 undulators installed in SPring-8, which provide high-brilliance
synchrotron radiation into the beamline BLO7LSU.
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The synchrotron radiation laboratory is promoting advanced
solid state spectroscopy using synchrotron radiation in soft
X-ray and vacuum ultraviolet region. We operate a branch
laboratory at SPring-8 to maintain the high-brilliance soft X-ray
beamline BLO7LSU of the University of Tokyo, where time-
resolved soft X-ray spectroscopy and high-resolution soft X-ray
emission spectroscopy are utilized to study electronic states and
dynamics in new materials. The beamlines, BL-18A, BL-19A,
and BL-19B, maintained by the Tsukuba branch at the Photon
Factory (KEK-PF) were closed in March, 2014. The advanced
experimental techniques, developed and accumulated at the
branch, are utilized in experimental stations using vacuum
ultraviolet and soft X-ray lasers at Kashiwa campus.

BMEIALE Y VLEED Rtz M Ics 2 Bae>
BL-19A OEBERSI N EFB L TEA@EI LY
Efco

A spin-resolved photoemission spectrometer with VLEED spin detector,
which enables us to measure spectra with very high energy and momentum
resolutions.
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