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Exploring Novel Physical Properties by 
Multi-Dimensional Spectroscopy

Division of Advanced Molecular Science
(Department of Materials Molecular Science, Electronic Structure)

Physical and chemical properties of solids, such as con-
ductivity, magnetism, superconductivity and chemical reac-
tions originate from microscopic electronic structure, lattice/
molecular vibrations, and molecular movements based on 
quantum mechanics in materials and their interactions. By 
revealing the microscopic states, we can learn about the origin 
of physical and chemical properties and hidden functionalities. 
Also, the microscopic information is helpful for the creation of 
novel functional properties. To visualize hidden microscopic 
information, we develop novel spectroscopic techniques using 
synchrotron radiation, high brilliant electron beams, and other 
so-called quantum beams. We are now developing a new 
electron spectroscopy technique, namely Spin-Resolved reso-
nant Electron-Energy-Loss Spectroscopy (SR-rEELS), with 
bulk-sensitive primary energies of 0.3–1.5 keV, as shown in 
Figure 1, in order to detect spin-selective element-specific 
bulk plasmons. Based on the obtained information of elec-
tronic structures, we aim to develop novel physical properties 
of new materials.

Figure 1.  Spin-Resolved resonant Electron-Energy-Loss Spec-
troscopy (SR-rEELS) apparatus developed by our group. The appara-
tus consists of a high-brilliant spin-polarized electron gun and a 
photoelectron spectrometer.
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1.  Magneto-Optics of the Weyl Semimetal 
TaAs in the THz and IR Regions1)

The magnetic-field dependence of optical conductivity 
[σ(ω)] spectra of the ideal type-I Weyl semimetal TaAs has 
been investigated at the temperature of 10 K in the terahertz 
(THz) and infrared (IR) regions. The obtained σ(ω) spectrum 
in the THz region of ℏω ≤ 15 meV is strongly affected by the 
applied magnetic field (B): The Drude spectral weight is 
rapidly suppressed, and an energy gap originating from the 
optical transition in the lowest Landau levels appears with a 
gap size that increases in proportion to √B, which suggests 
linear band dispersions. The obtained THz σ(ω) spectra could 
be scaled not only in the energy scale by √B but also in the 
intensity by 1/√B as shown in Figure 2, which has been 
predicted theoretically. In the IR region for ℏω ≥ 17 meV, on 
the other hand, the observed R(ω) peaks originating from the 
optical transitions in higher Landau levels are proportional to 
linear-B suggesting parabolic bands. The different band dis-
persions suggests that the Dirac linear bands transient to the 
free-electron-like parabolic bands with increasing energy.

Figure 2.  Magnetic-field dependence of optical conductivity [σ(ω, B)] 
spectrum of TaAs in the THz region at the temperature of 10 K. The 
horizontal and vertical axes are normalized by B and 1/√B, respectively.

2.  One-Dimensionality of the Spin-
Polarized Surface Conduction and Valence 
Bands of Quasi-One-Dimensional Bi 
Chains on GaSb(110)-(2×1)2)

Surface electronic structure and its one-dimensionality 
above and below the Fermi level (EF) are surveyed on the Bi/
GaSb(110)-(2×1) surface hosting quasi-one-dimensional (Q1D) 
Bi chains, using conventional (one-photon) and two-photon 
angle-resolved photoelectron spectroscopy (ARPES) and 
theoretical calculations. ARPES results reveal that the Q1D 
electronic states are within the projected bulk band gap. 
Circular dichroism of two-photon ARPES and density-func-
tional-theory calculation indicate clear spin and orbital polari-
zation of the surface states consistent with the giant sizes of 

Rashba-type spin–orbit interaction (SOI), derived from the 
strong contribution of heavy Bi atoms. The surface conduction 
band above EF forms a nearly straight constant-energy contour 
(Figure 3a), suggesting its suitability for application in further 
studies of one-dimensional electronic systems with strong 
SOI. A tight-binding model calculation based on the obtained 
surface electronic structure successfully reproduces the sur-
face band dispersions (Figures 3b, 3c) and predicts possible 
one- to two-dimensional crossover in the temperature range of 
60–100 K.

Figure 3.  ARPES intensity plots of Bi/GaSb(110)-(2×1) at 25 K taken 
with two laser pulses. A delay time between the pump and probe 
pulses was set to 1 ps. The pump pulses (hν = 1.5 eV) were linearly 
polarized photons, the electric field vector, which lies in the photon 
incident plane. The probe ones had the same incident plane as the 
circular polarization (hν = 6.0 eV). (a) Constant energy contour at EB 
~ 0.5 eV. (b) ARPES intensity plot along Γ– –X–. The photoelectron 
signals in EB > 0.1 eV are enhanced to make the surface conduction 
band dispersion visible. (c) Same as (b) but taken along Y– –M–. Solid 
and dashed curves in (b) and (c) guide the theoretical band dispersions.
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