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1. Introduction

Superconductivity, a phenomenon that electric resistivity becomes zero below a
certain temperature T., was first discovered in mercury in 1911. This phenomenon is brought
about by the condensation of electron pairs, which are formed by an electron-electron
attractive force, into a macroscopic ground state. In conventional superconductors with low
T.’s, the electron-electron attractive force occurs through their interactions with the lattice
(1on) vibrations. However, in high-T, cuprates, discovered in 1986 by Bednorz and Miiller, the
pairing mechanism has been unclear and studied as one of the most interesting problems in
solid-state physics.

- In the superconducting (SC) state, an energy gap A (SC gap), reflecting the pairing
mteraction strength, is formed on the Fermi surface. In conventional superconductors, T,
scales with A; that is, A is a measure of the characteristic energy in determining T. In high-T.
cuprates, on the other hand, it was reported in scanning tunneling spectroscopy experiments
that A increases monotonically with the lowering of hole-doping level p, although T,
decreases after exhibiting a maximum at a certain doping level p,; T. does not scale with A in
* the underdoped (UD) region below p,. Moreover, in the UD region, the €lectronic property in
the normal state is characterized by a significant suppression of the electronic energy spectrum
around the Fermi level, the so-called “pseudogap”. For this reason, it has been considered that
the pseudogap will strongly affect the SC mechanism, and studies on the pseudogap are
expected to provide us important information about the SC mechanism in high-T, cuprates.

In this study, to examine the pseudogap, I measured the temperature dependence of
tunneling spectrum on Bi;Sr,CaCu,Og: (Bi2212). - Furthermore, 1 examined the relation
between T. and A in Bi2212 to clarify the characteristic energy in determining the T, of high-
temperature cuprate superconductivity.

2. Experiment

Bi2212 crystals were grown using the TSFZ method. The present tunneling
experiments were performed in break-junctions, fabricated by using a scanning tunneling
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microscope (STM) system (Olympus LTSTM-300). In the experiments, the STM tip was
contacted with a crystal vertically to the cleaved surface so that a very small piece of the crystal
stuck to the tip, and then retracted back from the crystal; the crystal was cleaved, and a fresh
Bi2212/vacuum/Bi2212 junction, which is of Superconductor-Insulator-Superconductor type
below T, was fabricated.

3. Results and Discussion

After performing tunneling experiments in Bi2212/vacuum/Bi2212 junctions and
comprehensive data analyses, I found out the following features of the energy gap in Bi2212.
In the electronic excitations, there exist two kinds of pseudogaps with different characteristic
energies; the small energy-scale pseudogap (SPG) which is comparable to the SC gap
magnitude 2A at T<<T; and the large energy-scale pseudogap (LPG) which is 3 to 4 times
larger. The SPG develops progressively below the mean-field SC critical temperature T, (=
2A/4.3kg, kg: Boltzmann’s constant), in addition to the LPG, which already exists above Te,.
Furthermore, the SPG smoothly evolves into the SC gap with no tendency to close at T,. These
findings strongly suggest that the SPG will be a precursor of superconductivity, probably due
to the formation of preformed singlet pairs of some kind. On the other hand, the LPG, which
remains open even' in the high-temperature region above T, is related to the crossover
behavior of uniform magnetic susceptibility around T..x (>>T.,), which arises from the
gradual development of antiferromagnetic spin fluctuations.

Additionally, it was found in underdoped Bi2212 that in accordance with the SC
transition, the characteristic feature of the spectrum at high energies also changes from a LPG-
like broad hump structure to a clear dip-hump structure accompanied by a small shift of the
hump position, in addition to the rapid growth of the SC gap from the SPG at low energies.
Such high-energy behavior of the tunneling spectrum across T, was explained as follows: in
the SC state below T, where a coherent spin-singlet state is realized, the antiferromagnetic spin
fluctuations are expected to be strongly suppressed, leading to the observed modification of the
high-energy tunneling spectrum responsible for the LPG.

It was confirmed in the present Bi2212/vacuum/Bi2212 junction experiments that the
SC gap amplitude A at T<<T,, increases monotonically as a function of decreasing hole-
doping level p within the Cu-O plane, while T starts to decrease after exhibiting a broad
maximum at p,~0.18; A does not scale with T.. This feature of the SC gap in high-T. cuprates
1s quite different from the expectation (T.e<A) in conventional superconductors, as mentioned
in section 1. In addition, a novel relation between T, and A was found out in the present study;
T. is nearly proportional to the product of A and p, that is, T~pA. This means that the
characteristic energy in determining T is of order pA in high-T. cuprates, instead of A in
conventional superconductors. It was also found that the novel relation between T, and A, T,
~pA is consistent with a scenario for the transition from pseudogap to superconducting states,
proposed in some theoretical studies; in the scenario, carriers with high mobility on the Fermi
arc around (+7/2, +7/2), whose length seems to be proportional to p, play an important role in
the establishment of the long-range phase coherence in the collective motion of pairs, leading
to the SC transition at T..
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