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Theoretical Study on Novel Phenomena in Multi—-Component Superconductors
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Superconductivity is a macroscopic quantum phenomenon with novel manifestations such as zero
electrical resistance and expulsion of magnetic field at sufficient low temperatures. According to
Bardeen-Cooper-Schrieffer (BCS) theory, electrons near the Fermi surface form Cooper pairs due
to electron-phonon interactions and condense into the quantum state leaving an energy gap. In
some materials, there are several Fermi surfaces originated from different electronic bands.
Multiple superconducting gaps can arise from these Fermi surfaces, and these multi-component
superconductors are the targets of this thesis.

Multi-component superconductivity was first discussed in transition metals with a two-band BCS
model more than fifty years ago by Mattias and his co-workers. Kondo then pointed out that
superconducting critical temperature should be increased by a Josephson-like interband coupling.
The degree of freedom of relative phase in a two-component superconductor was first discussed
by Leggett, and now known as the Leggett mode. The interest to multi-component
superconductivity is recovered due to the discovery of superconductivity in MgB2 with clear
evidence for two superconducting gaps in 2001 and the discovery of iron-based superconductors
with more than two superconducting gaps in 2008.

In superconductors with three or more components, time-reversal symmetry (TRS) may be broken



in the presence of repulsive interband couplings, resulting in a pair of degenerate states
characterized by opposite chiralities. A hopeful candidate to host this TRS broken (TRSB) state is
the iron-based superconductor with at most five gaps originating from the five Fe 3d orbitals.
Repulsive interband couplings are suggested by some experiments.

In this thesis, we mainly focus on novel phenomena of the TRSB state. First, asymmetric critical
current with respect to the current direction is revealed in a Josephson junction between a
superconductor in the TRSB state and a single-component superconductor. Fractional flux plateaus
are then found in the magnetization curve for a superconductor loop with two halves occupied by
the degenerate states with opposite chiralities of the TRSB state. It is also discussed that magnetic
field penetrates a constriction connecting two bulks occupied by TRSB states with opposite
chiralities and the magnetic induction takes a ribbon-shaped distribution. Finally the magnetic
response of two-component superconductors is investigated and a first-order phase transition
associated with vortex penetration is discussed.

We first focus on the Josephson effect of the TRSB state. We consider a Josephson junction
between a three-component TRSB superconductor with gap functions {A1,A2,As}and a
single-component superconductor with gap function Ao. By adopting Bogoliubov-de Gennes
equations, we obtain Andreev spectra and the current-phase relation. It is interesting to find that
critical currents are unequal in the two opposite directions. The asymmetry of critical current is a
clear manifestation of the broken TRS. It is intriguing to notice that asymmetric critical currents
have been observed in a hybrid junction between a single-band superconductor Pbin and an
iron-based superconductor BaFe;.xCoxAsz. Our theoretical work suggests that TRSB states
probably have already been realized in iron-based superconductors.

Next, we consider a loop of a multi-component superconductor where the two halves are occupied
by two TRSB states carrying on opposite chiralities, accompanied by two domain walls associated
with inter-component phase kinks. The situation is interesting when the two domain walls
accommodate different phase kinks, such as D12 and D23, namely phase kink between component 1
and 2, and that between component 2 and 3, in domain wall I and 11 respectively. Presuming that
the three bands are equivalent to each other with mutual Josephson-like inter-component repulsion,
one sees by inspection that ¢ 2 rotates 4w/3 anticlockwise over the two domain walls, while ¢ 1
and ¢ 3 rotate -2n/3. When the external magnetic field provides the additional phase rotation of
2m/3 in all condensates, a state with 2z phase winding in ¢ 2 and O in both ¢ 1 and ¢ 3 is stabilized.
This yields a state with magnetic flux ®o/3 trapped in the superconductor loop. This state is stable
in a certain range of external magnetic field, which leads to a fractional flux plateau in
magnetization curve. The above discussion can be elucidated by the integration of magnetic flux



over the superconducting loop using Ginzburg-Landau (GL) formalism for a thick enough loop.
Although fractional flux plateaus individually take arbitrary values depending on material
parameters and temperature, they form pairs related by the flux quantum ®o, which is a unique
signature of TRSB state. This phenomenon is a clear evidence of TRSB superconductivity, and in
a general point of view it provides a novel chance to explore relative phase difference, phase kink
and soliton in ubiquitous multi-component superconductivity.

We then study vortex states on a domain wall at a constriction connecting two bulk
superconductors with the two degenerate TRSB states. With GL approach we find that vortices in
different components dissociate from each other, resulting in a ribbon-shaped distribution of
magnetic induction at the domain wall.

We also explore the magnetic response of two-component superconductors in terms of GL theory.
We find a novel vortex-lattice state with thermodynamic stability with the following characteristic
features: (1) the vortex-lattice constant is finite even at the first penetration, (2) the
superconducting order parameters do not recover to the bulk values in absence of external
magnetic field and (3) the magnetic field is only partially screened, in area among vortices. At a
threshold field Hci, many vortices enter simultaneously to form such a lattice in the whole sample,
yielding a discontinuous jump in magnetization and thus a first-order phase transition. As a sharp
contrast, in single-component superconductors vortices penetrate into the sample at Hc1 associated
with a continuous phase transition corresponding to infinite separation among vortices. This
phenomenon can be observed even when both components are categorized into type Il in absence
of inter-component coupling.

To summarize, we have explored several novel phenomena in multi-component superconductors,
which cannot be seen in single-component superconductors. The present work highlights the
unique properties of multi-component superconductors and provides deeper understandings on
multi-component superconductivity.
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