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Strongly correlated electron materials have attracted more 
attentions in the last few decades because of their unusual and 
fascinating properties such as high-Tc superconductivity, giant 
magnetoresistance, heavy fermion and so on. Those unique 
properties can offer a route toward the next-generation devices. 
We investigate the mechanism of the physical properties as 
well as the electronic structure of those materials by using 
angle-resolved photoemission spectroscopy (ARPES). ARPES 
is a powerful experimental technique, directly measuring the 
energy (E) and momentum (k) relation, namely the band 
structure of solids. In the last quarter of a century, the energy 
resolution and angular resolution of ARPES have improved 
almost three order of magnitude better, which makes us pos
sible to address the fine structure of the electronic strucature 
near the Fermi level: Superconducting gap, kink structure and 
so on. The main target materials of our group is high-Tc 
superconductors, such as cuprates and iron pnictides and use 
UVSOR-III as a strong light source. 

Our group is also developing high-efficiency spin-resolved 
ARPES system. Spintronics is a rapidly emerging field of 
science and technology that will most likely have a significant 

impact on the future of all aspects of electronics as we con
tinue to move into the 21st century. Understanding magnetism 
of surfaces, interfaces, and nanostructures is greatly important 
for realizing the spintronics which aims to control and use the 
function of spin as well as the charge of electrons. Spin-
resolved ARPES is one of the most powerful experimental 
techniques to investigate the magnetic properties of such 
materials (Figure 1).

Figure 1.
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1.  Evidence of Strong Violation from Fermi 
Arc Picture in Heavily Underdoped Bi2212

Understanding the complex nature of cuprate super
conductors, especially the origin of their high superconducting 
transition temperature (Tc), is one of the greatest challenges in 
condensed matter physics. An early experimental observation 
in this regard is the famous Uemura plot. It shows that the Tc 
in the high-Tc cuprate superconductors is correlated with the 
muon spin relaxation rate σ0 that is proportional to the super
fluid density divided by the effective mass (σ0 ∝ ns/m*). This 
relation holds not only for all high-Tc cuprate superconductors 
but also for many other superconductors. While there have 
been various attempts at a theoretical explanation of the 
Uemura relation, a connection to other experimentally probed 
properties of cuprates is still lacking. 

ARPES is a powerful experimental technique, directly 
measuring the band structure of solids. In the last quarter of a 
century, the energy resolution and angular resolution of ARPES 
have improved almost three order of magnitude better, which 
makes us possible to address the fine structure of the electronic 
structure near the Fermi level, especially the superconducting 
(SC) gap. Indeed, the first direct experimental evidence of 
d-wave symmetry of the SC gap has been reported by ARPES, 
where the SC gap follows the d-wave order parameter ∆(k) = 
∆0(coskxa − coskya)/2, here a is the lattice constant. In ARPES 
field, Tc of cuprates has been believed to be explained by 
so-called “Fermi arc” picture. According to this picture, Fermi 
arc is a region where the SC gap closes above Tc in the 
momentum space and the “effective SC gap” ∆SC can be 
defined by the gap magnitude at the edge of the Fermi arc as 
shown in Figure 2 (a). Since ∆SC and Tc show linear correlation 
among different doping and even among different families of 
cuprates as shown in Figure 2 (d), this picture is well accepted 

as a phenomenological model to explain Tc in cuprates.
Recently, we have studied heavily underdoped Bi2212, 

whose Tc is only 30 K but still high-Tc, and found strong 
violation from the Fermi arc picture. In this doping, there is 
almost no temperature dependence of the SC gap across Tc as 
shown in Figure 2 (b)–(c). Therefore, ∆SC should be extremely 
small (~1 meV) and should not be enough to explain 30 K of 
Tc. To understand the origin of the superconductivity in this 
doping, we have performed new way of ARPES analysis, 
where information of the spectral weight difference across Tc 
can be estimated. Interestingly, this new analysis shows that 
the doping dependence of the spectral weight along the Fermi 
surface quantitatively scales with the superfluid density (and 
Tc) for a wide range of carrier concentrations (not shown). Our 
new results represent the first evidence showing the close 
relationship between the superfluid density and Tc from ARPES. 
Our results also show that the whole Fermi surface contributes 
to superconductivity and the superfluid density can be more 
important than the SC gap. This is completely new idea to 
understand high-Tc superconductivity from ARPES.

Since it is well known that ARPES intensity strongly 
depends on the matrix element, which can be changed by 
measurement geometry, polarization, photon energy and so on, 
our spectral weight analysis should be affected by the mea
surement conditions. To make sure that our observation is 
universal, we have to perform many ARPES studies by chang
ing measurement geometry, polarization and photon energy. 
To perform measurements with different measurement geom
etry, a low temperature 6-axis manipulator is necessary, since 
measurement geometry should be able to be changed to study 
the same sample surface with different geometries. We are 
using our home-made 6-axis manipulator which is one of the 
lowest temperature 6-axis manipulators in the world to com
plete this study.
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Figure 2.  (a) Temperature and doping dependence of SC gap in cuprates and Fermi arc picture. (b) Temperature dependence of ARPES spectra 
along Fermi surface of heavily underdoped Bi2212. (c) Temperature dependence of SC gap obtained by the leading-edge position. (d) 
Comparison of the effective SC gap in different families of cuprates including current study.




