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A wide range of phenomena from atomic or
molecular processes at solid surfaces to quantum
transport in infinite systems are listed as the subjects
of nanoscale science. The prosperity of such fields
are sustained by the development of ultra-thin film
growth, nano-fabrication, various surface charac-
terization, local measurements with scanning probe
microscopes, etc. In Division of Nanoscale Science,
we integrate such techniques to study various subjects
such as

Quantum and spin transport in artificial nanoscale
or hybrid systems,

Study of local electronic states and transport by
scanning probe microscopes,

Transport, magnetism and other properties of
novel materials at solid surfaces,

Microscopic analysis of dynamical processes such
as chemical reaction at surfaces, and creation of new
material phases,

Epitaxial growth of ultra-thin films and device
applications.
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Left: Color level plot of the magnetoresistance of a double quantum well
device (InGaAs) with spin-orbit interaction as a function of field strength
and angle from [110]. The sign is reversed around [100] (45°) and [010]
(90°). Right: Polar plot of magnetoresistance amplitude for the in-plane field
direction.
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Quantum transport in charge and spin freedoms
2. EFBEZRWCLHENROMAR

Study of many-body effects in quantum structures
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With epitaxial growth of semiconductor and metallic films,
and nano-fabrication techniques, we study quantum effects in
low dimensional systems. Our research also spans some appli-
cations of the physics of electron and nuclear spins to so called
spintronics.

To expand the concept of quantum transport to spin degree of
freedom, we have tried to create spin currents in quantum struc-
tures. A new type of magnetoresistnce is found in transport of
spin polarized electrons injected from epitaxially grown Fe films
into quantum well structures with strong spin-orbit interaction.

A new method to obtain information on the dispersion
relation of edge-magnetoplasmon in quantum Hall edge states
has been developed. The method utilizes transmission of micro-
wave through the two-dimensional electron gas, the area of
which is controlled through the gate voltage. We expect the
application to the fractional quantum Hall state with surface

potential modulation.

AT (arb unit)
=0.10

-0.08
=0.06
-0.04

-0.02
B 0.00
0.02

-0.6 -0.5 -04 -03 -0.2 -0.1 0.0
V, (V)

N1V OKREBERZS — NERBE L ARBOBEKE LTI/ L—RT—/IL70OY b
Licb D, Ty IR T XEVIMRICEDZBNEGE. E—7 (AB) ELTHENT
W3, BEWMRTRUZOIE. BEAE—RICHT 2EHAEER,

Grayscale plot of the gate bias Vy and frequency f dependence of the micro-
wave transmission AT . Edge-magnetoplasmon excitations are observed as
peaks (lighter tone). Thick yellow curve in depicts calculated egde-magneto-
plasmon excitation frequency vs. Vg for the fundamental mode.

Physics at interfaces between the phases with different symmetries
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Estimation of the Rashba splitting in Non-Magnetic metal (NM)/bismuth
oxide (Bi2O3) interface state. The magnitude and sign of the Rashba param-
eter at NM/Bi,O3 interface strongly depend on the NM (Cu, Ag, Au). This is
the results of the modulation of the asymmetric feature of the charge density
[y?| by the interface electric field Einter which is defined by the work function
difference for NM and Bi»Os3. (a) The schematics of NM/Bi;O3 interface and
the Rashba splitting. (b) Spatial distribution of 12| and electric potential V
near the interface.
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Mechanisms of pure spin current generation and detection
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Magnetic phase transition by using spin current
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The concept of spin current, the flow of spin angular
momentum, appeared in the end of 20th century. Spintronics
has developed as a new approach which utilizes the combined
function of charge current and spin current. The methods of
generation, transmission and detection of spin current have
been well established in the recent decade. The research of
spintronics is entering a new phase, recently revealing new spin
mediated-interconversions among quasi-particles in solid, such
as electron, spin, phonon, photon and magnon etc. These “spin
conversion” phenomena often manifest in the nano-scale region
at simple interfaces of various materials, and thus, have great
versatility and application possibility. Our fundamental research
explores the new physics of spin conversion and clarifies their
mechanisms. We also develop the spintronics devices in which a
variety of spin conversion can be controlled, using nanofabrica-

tion techniques.
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Spin-charge current conversion at molecule/metal interface observed by
means of spin pumping method. Rashba splitting arises at carefully designed
interface of lead (II) phthalocyanine (PbPc) and Cu. (a) The schematics
of the PbPc/Cu interface. (b) The symmetric component of voltage signal
(Vsym) attributed to the spin-charge current conversion at the interface as
the function of the external magnetic field (Hyes). The blue and red lines are
for NiFe/Cu/PbPc and NiFe/Cu/H,Pc sample, respectively. A clear signal
appears in the sample with PbPc/Cu interface.

Spin-to-charge current conversion in the interface of topological insulator

4. AFAEYIOZIR
Molecular spintronics
5. WD SBLEEFREERFANDAEVEA

Spin injection into superconductor from ferromagnet
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(b) Graphene on terrace

(c) Graphene on macrofacet

(a) Terrace & macrofacet
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(a-c) Topographic STM images of the graphene on thermally-decomposed
vicinal SiC(0001) substrate (a) in Ar atmosphere. On the substrate surface,
SiC (0001) terraces and macrofacets tilted 28 degrees off coexist. Magnified
images of the terrace (b) and macrofacet (c) indicate formations of two-
and one-dimensionally nano-periodic graphene on a part of the terrace and
on the whole macrofacet, respectively. (d) Angle-resolved photoemission
spectrum from the graphene on the macrofacet. Replica bands due to the
periodic structure are seen. The doping level of the graphene is smaller than
that on the terrace.
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Electronic and magnetic properties of low-dimensional and
atomic-layer materials with nanometer-scale structures at solid
surfaces are studied in an ultra-high vacuum using scanning
tunneling microscopy/spectroscopy (STM/STS), photoelec-
tron spectroscopy, magneto-optical Kerr-rotation and second
harmonic generation measurements. Microscopic atomic,
electronic and magnetic structures, formation processes of
surface atomic-layers and dynamical processes induced by
electron tunneling or photo-excited carriers are examined by
local imaging, spectroscopy and quasi-particle interference
observations using spin-resolved STM/STS, and macroscopic
spin-dependent electronic structures, magnetic properties,
electron dynamics and chemical bonds by photoelectron and
optical spectroscopy using VUV light and soft-X-ray from laser

and synchrotron.
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(a, b) Spin polarization direction of photoelectrons from spin split surface
bands of Cu (111) and Ag (111) (a), and Bi (111) (b). The detected spin
direction is in-plane and perpendicular to the momentum direction. For Cu
(111) and Ag (111), it is the same as the spin polarization direction in the
initial states. For Bi (111), when the polarization direction of the incident
light is rotated by 90° from the p-polarized light to the s-polarized light,
the spin polarization direction is inverted by 180°. (c) Dependence of the
photoelectron spin components and total intensity of Bi (111) on the inci-
dent light polarization angle 6. The spin orientation of the photoelectrons
changes three-dimensionally when 6 is continuously changed. All these
crystals are three dimensional topological materials.

Electronic states, magnetism and electron scattering of atomic layers and nano-structured materials at surfaces

2. BIRFE - RET / BEYEOTABEE

Formation processes of atomic layers and nano-structured materials at surfaces

3. hYRILBFPL—Y XL LZBF - RFENER

Electron and atom dynamics induced by electron tunneling and photo-excitation
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Proximity effect at superconductor/metal interface. Tunneling spectra taken
around an interface between 1ML-Pb layer on Si (blue, normal metal) and a
Pb thin film (yellow, superconductor) indicate the penetration of supercon-
ductivity into the metal layer with a decay length of 40 nm.
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Scanning tunneling microscopy (STM) reveals not only
atomic structure of surfaces but also electronic states in
sub-nanometer areas by tunneling spectroscopy. With a function
of spin-polarized (SP-) STM, the microscope also provides
local magnetic properties and surface spin structures, and with
inelastic tunneling spectroscopy (IETS), various excitation
energies can be extracted.

In Hasegawa-lab., by using STMs operated in ultralow
temperature and high magnetic field, peculiar local supercon-
ducting and topological states that can be found in surface
superconductors, whose inversion symmetry is broken, and in
the proximity with ferromagnetic materials, have been explored.
We have also studied local magnetic properties of spin-
spiral structures using SP-STM, spin excitation with SP-IETS,
magnetic resonances through the introduction of microwaves,
and spin current detection using SP-potentiometry. Recent
subjects include heavy-fermion materials, such as CeColns;
orbital ordering was observed for the first time in a real space.

EVWEBTFRYE CeColns THEENIcRERNEKFRE, Co iKIKE TDEED
STM & (FRELVELR) TIE AWRRD Co RFEARSNZB A, HitER
DI TRt (BTE) TIE ¥ YNIZIRD d BN BKFBEZTZRL TV
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Surface-induced orbital ordered states observed on a heavy-fermion mate-
rial CeColns. In STM images taken on a Co-terminated surface in stan-
dard conditions, round-shaped Co atoms are observed (center and upper-
left images). On the other hand, in STM images taken in closer distances
(lower-right) we observed an ordered phase of dumbbell-shaped d-orbitals.
Detailed analysis revealed that the ordered structure is formed only on the
surface layer.

Exploration of peculiar superconducting / topological states using low-temperature STM

2. AEVRIB STM ADY AV DIREAIC & 2 F / AT — LEESKHEISEHE
Nanoscale measurements of magnetic resonances by SP-STM with microwave

3. AEVRBEERT Y Y 3 X MUICL DALY ROEZRREEA

Real-space distribution of spin currents by spin-polarized scanning potentiometry
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Fig. 1. Angular distribution of Rh fluorescence x-ray intensity for (a)
Rh**:SrTiO3 and (b) Rh**:SrTiO;3 thin films. The difference in the patterns
indicates that the arrangement of the Rh nearest-neighbor atoms is different.
The pattern in (b) corresponds to a perfect perovskite structure.
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The band gap and transport behavior of oxide semiconduc-
tors is generally determined by point defects and doping. In
many doped oxide systems, the dominant site substitution
mechanism can be assumed from the dopant valence and ionic
radius, but explicitly determining the dopant site structure is
generally impossible. X-ray fluorescence holography is a useful
technique in this regard, as it produces directly the atomic
positions of the nearest neighbors surrounding a dopant atom.
The method is based on measuring the angular distribution
of the dopant atom’s fluorescence x-ray intensity (Fig. 1) and
solving for the positions of the nearest-neighbor scatterer atoms.
We have analyzed the structure of Rh-doped SrTiO3 photocata-
lysts and found that while the Rh** dopant substitutes at the Ti
site without lattice distortion, a Rh** dopant forms clusters with
oxygen vacancies or substitutes at the oxygen site (Fig. 2). Such
clustering has a detrimental effect on photocarrier dynamics
in Rh:SrTiO3 photocatalysts and photoelectrodes used for the
solar-powered water splitting reaction.
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Fig. 2. Two main defect cluster types in a Rh3*:SrTiOj3 film grown at low
oxygen pressure: (upper) Rh cluster with an oxygen vacancy, (lower) Rh sub-
stitution at the anion site.

Growth of thin oxide films and heterostructures by pulsed laser deposition

2. KAMBREBRIE DB (CIAF o ALY B4 B DO F

Development of oxide photoelectrode materials for photocatalytic water splitting

3. BmEMRIETILF 7 cO40 Y VR ORISR
Polar oxides and multiferroic coupling

4. AL /EEE T/ AVRY Y NEBEOEM

Synthesis of nanostructures and nanocomposite thin films
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