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Abstract

We pointed out a soliton can be present in a multi-band superconductor [Phys. Rev. Lett. 88 (2002) 017002].
We named it i -soliton. It connects two different coherent states having different phases. Simultaneously the time
reversal symmetry breaks down. The i -soliton traps a fractional flux inside a superconducting loop. These properties
may realize a fractional flux quantum (FFQ) device without Josephson junction in a real space. It is beyond a
single flux quantum(SFQ) decive. The i -soliton would be found in the multi-layer cuprate superconductor having
crystallographically nonequivalent CuO2 planes in one unit of which representative is CuxBa2Ca3Cu4Oy (Cu-1234).
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1. Introduction

Weakly coupled multiple superconducting order
parameters are suggested in CuxBa2Ca3Cu4Oy (Cu-
1234). [1–9] This multiple order parameters are
thought to be present in bulk, which are different from
multiplicity induced by the surface. [10,11] Its origin is
the multiple band formed by the multiple CuO2 plane
in one unit cell. [12–14] In this paper we discuss an
i -soliton in this multi-band superconductor.

2. Formulation

Gibbs free energy density in the two-band supercon-
ductor on a one dimensional case may be given as fol-
lows[15,16]

g(x) =
∑

ν=1,2

αν |ψν(x)|2 +
∑

ν=1,2

βν

2
|ψν(x)|4
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+
∑

ν

h̄2

2mµ
|∂ψν

∂x
|2 + γ(ψ†

1ψ2 + ψ†
2ψ1). (1)

x is a coordinate. mν is mass of the pair. When the
intra-band interaction is much larger than the inter-
band interaction, the amplitude of the order parameter
may tend to be kept constant by the intra-band inter-
action. In this situation the contribution of the relative
phase between two order parameters may be separated.

gθ(x) =
∑

ν=1,2

h̄2Nν

2mν
|∇xθν |2 + 2γ

√
N1N2cos(θ1 − θ2).(2)

Nν and θν are the density of the pair and its phase
on the band indexed by ν. Minimizing the free energy,
we obtained sine-Gordon equation. The sine-Gordon
equation gives a soliton as a stable excited state which
we call i -soliton.
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Fig. 1. (Top) Schematic diagram of the relative phase between

two order parameter in several slices at location specified by

xi. (Bottom) Phase difference between two order parameters is

depicted where 1
m0

=
N1N2

m1N2+m2N1
and 1

L2 = 4
|γ|
h̄2

√
N1N2m0.

3. Discussion

Figure 1 schematic description of the i -soliton. It
connects two different superconducting ground states
having different phase. [17,18] At an i -soliton, one or-
der parameter rotates clockwise in the complex plain
and another rotates counterclockwise. The i -soliton re-
lates to a soliton observed in the extended Joseph-
son junction composed of spatially separated super-
conductors. [19–21] The inter-band Josephson coupling
assumes the role of extend Josephson junction in the i -
soliton. The i -soliton is not accompanied by a flux and
a real super current. The current in one band cancels
that in other band. To catch the i -soliton, we should
make a loop. The i -soliton is accompanied by the phase
slip (Θslip). To compensate Θslip, the super current
may be induced. The phase slip due to the i -soliton
and the phase shift due to the super current give a total
phase shift which should become nΦ0, where n is inte-
ger and Φ0 is fluxoid quantum. Then the super current
induce a fractional flux, which will be observed.

A single order parameter hardly allows a soliton. The
phase slip at the soliton induces a supper current, but
the pair brought by this current can not go anywhere
and accumulates at the end of the soliton where the
phase gradient vanishes. In case of the multi-band su-
perconductor, the pair brought through one band can
go back through another band. The i -soliton may be
general phenomenon in the multi-band superconduc-
tor and it is not special one deduced by the restricted
model we adopted in this report.

4. Conclusion

The multi-band superconductor has i -soliton. It will
be observed.
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