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Abstract

The progress of nanofabrication technologies from the
1990s resulted in an increase of interest in the study of
superconducting properties of mesoscopic samples. A
mesoscopic sample is such that its size is comparable to the
coherence length § and penetration depth A. The properties
of mesoscopic systems are coﬂsiderably influenced by
confinement effects. Therefore, the vortex state will depend
on the size and the geometry of the sample. |

The vortex state and vortex charge of a thin mesoscopic
ring are investigated theoretically in the framework of the
phenomenological Ginzburg-Landau theory within the de

—th—@]tﬁ‘ = ——(,b’

Gennes boundary condition n -

The surface extrapolation lengths b on the inner surface and
the outer surface can own different value and sign, and are
denoted as b; and b,, , respectively. <0 and &> 0 correspond to
surface superconductivity of enhancement and suppression.

The main properties of the vortex state are listed as
follows: (1) In mesoscopic samples two kinds of vortex states

can exist, that is, the giant vortex state and the multivortex
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state. The giant vortex state is circular symmetric with a fixed
value of angular momentum L. For sufficiently large rings
the giant vortex can break up into multivortices. The
multivortex state (L,, L,) represents that one vortex with
angular momentum L, situates in the center of the ring with
L, — L, single vortices on a single ring. The phase transition
between the giant vortex and the multivortex state is of
second order. There are saddle points of the free energy
representing the surface barrier which has to be overcome for
transition between the different vortex states. Due to the
saddle state, the transition L — L + 1 does not necessarily
coincide with the magnetic field H,, where the ground state
changes from L to L + 1 state. For increasing applied field,
the L state remains stable up the penetration field H, > H,,
and transits then to the L 4 1 state. For decreasing field, the
L +1 state remains stable down to the expulsion field H, <<
H,,. With increasing size of the hole for fixed outer radius
R, ; the superconductivity of the Meissner state, i. e. y theL=
0 state, is suppressed while that of the giant vortex state is
enhanced, and the number of possible giant vortex state
increases. In addition, an enhancement of surface
superconductivity can increase the number of Cooper pair,
lower the free energy, improve the critical temperature and
the critical fields, and make more giant vortex states occur.
(2) We distinguish two situations, i.e., R; < R,andR; <R,.

—>»2
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For R; < R,, the L > 0 state consists of a combination of the
paramagnetic and the diamagnetic Meissner effect, which
corresponds to a coupled Meissner state. The direction of the
supercurrent in the inner part of the ring is opposite to the
outer part. On the other hand, for R; <R, , the L > 0 state is
a pure paramagnetic Meissner state or a pure diamagnetic
Meissner state. The supercurrent flows in the whole ring in
the same direction. In addition, the paramagnetic Meissner
effect can occur in the ground state for a ring. (3) InH-T
phase diagram, increasing temperature results in a decrease of
the number of possible vortex state. For an enough high
temperature, only L = O state can exist. In addition, the
Little-Parks oscillations in T, curve occur for a narrow ring.
(4) The charge distribution around vortex core induces an
electrostatic field, which generates a spin-orbit term that leads to
an additional geometric phase and provides possible interpretations
for experimental observations of the fractional flux penetration.
The main properties of the vortex charge are listed as
follows: (1) For the case of 1/6 = 0, the mesoscopic ring may
present three kinds of charge distribution, that is, the N- P
distribution ( negative charges near the inner radius and
positive charges near the outer radius), the N-P-N
distribution (negative charges near both the inner and outer
radius and positive charges in the middle part), and the P- N

distribution ( positive charges near the inner radius and
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negative charges near the outer radius). Only P-N
distribution occurs in the L = 0 state. For a giant state, if the
inner radius is smaller than a critical inner radius R;, ., , the
N-P and N-P-N distributions appear in turn with
increasing the magnetic field. Specially, if the outer radius is
sufficiently small, e.g. RO/E<; 1.44,apure N-PorN-P-N
distributions can appear in whole Lstate. WhenR; > R;, ., »
the P~ N distribution exists for a higher field. The P - N
distribution and the N - P- N distribution correspond to the
diamagnetic Meissner state and the coupled Meissner state,
respectively. The N-P distribution corresponds to the
paramagnetic Meissner state in a weak field and the coupled
Meissner state in a strong field. When 1/6 = 0, in spite of
different types of charge distribution, the sample as a whole
remains electrically neutral. (2) The surface enhancement
and suppression of superconductivity produce two new kinds
of charge distribution, that is, the N and P distributions,
which mean negative charges and positive charges in whole
ring, respectively. When the ring is in contact with the materials
having a same sign of b on each side, the sign of total charge is
determined by the sign of b. A negative/positive value b implies
superconductivity enhancing /depressing, and the superconductor
is negatively/ positively charged. For the cases of —1/6;, >1/b, >
O0and 1/b; >—1/b, >0, the sign of total charge depends on the
ring size, and the ring can be electronegative even if its
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superconductivity is suppressed. At the situation of 1/5, >
1/b; > 0, the superconducting state and the normal state
cyclically appear as the field varies for a suitable size ring. As
a consequence, the ring shows the electropositivity and the

electroneutrality by turns with the field.

Key words: Mesoscopic superconductor, Vortex state, Vortex
charge
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