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Electromagnetic Phenomena in Superconductors

Teruo Matsushita*, Member

Electromagnetic phenomena in superconductors are reviewed. In superconductor in a transverse magnetic
field, the electromagnetic phenomena are described by the critical state model assuming a balance between

the Lorentz force and pinning force. In this case the Josephson equation for the induced electric field,
E = B x v, holds for the motion of flux lines with velocity v. On the other hand, the electromagnetic

phenomena in a longitudinal magnetic field of current-carrying superconductor are quite different from those

in the transverse magnetic field. For example, the Josephson relation does not hold and even a negative

potential drop is locally observed in the resistive state above the critical current. In this review it is shown

that these peculiar phenomena are explainable using the flux motion driven by a force-free torque, a restoring

torque against rotationally shearing deformation of flux lines due to the force-free current parallel to flux

lines.
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Fig. 1. Structures of magnetic flux density b and
order parameter |¥| of a quantized magnetic flux.
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Fig. 2. Lorentz force on a circular current of a
quantized magnetic flux: It is strengthened in the
side in which the circular current flows in the same
direction as the transport current J, and the quan-
tized magnetic flux is forced to move to the right.
The electric field is induced along the direction of
the transport current.
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Fig.3. E-J characteristics in superconductor.

Dotted line shows the characteristics for a pin-free
superconductor.
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Fig.4. Internal distributions of magnetic flux (up-
per) and current (lower) in (a) the initial process
of application of current and (b) the case in which
the current is increased up to maximum value of
the self field Hy, and then decreased. The arrows
show the direction of flux motion.
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Fig.5. Current-voltage characteristics of a cylin-
drical superconductor in (a) longitudinal and (b)
azimuthal directions .



FEEAHR LD AN E L, BECEBER Iy T 1 27
DRI > TWBEIFEZN T FLFERIZh YT 4 2 7H
RI2OTHIUL HITEZ 5139 T, Fig. 6(c) D&%
MEEHATE v, —F, HEOHRRERFE IY L =
> THEWEBEERO SRR T TORE L, REMIC
force-free IREEVLETH 5 L\ ) FRIZBEMTH 5, T4
bbb, MEERTERBIIIE Y= 712 & 5 THOA force-free
REBLELGOTREVIEVIEZLTH b,

—HIZERARN D B E, BRME L Fig. 7 10R$ &
IED, (a) (TS, (b) T ERYT 4 L 5H4T,
INHDOEIT HEILEENEIERITE EHRIITH
D, B—Lry R LTHESRTYS, —, Fig 7(c) &
force-free B AN 72 & EOWHEMET, Bruwi X
) BREWIERE L TWA ©, ZOBE, IR usE
WaARLSTEI LMV IDPFEETLEEZON D,

KB ERBEEPZEHIC—ETH S L) 2ELKED
WEBALLLEDIANF—DBNE RS V71407 - R
7 hVEORDBE, ZOBEMED)SERBEEICILE L 72

/—\O

Ve ) ‘\E] 1
V:.1M- NATE "f"»,_‘ 1 * / ‘
/[ Ey
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Fig.7. Distortions of flux lines: (a) gradient of
density, (b) bending and (c¢) totational or twisting
shear of flux lines .
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Fig.8. Critical current density in longitudinal
magnetic field vs the moment of pinning forces in a
unit volume '". N,,, fp and d,, are the number den-
sity, elementary pinning force and mean spacing of
normal Bi precipitates, respectively. The solid lines
show the theoretical prediction.
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Fig.9. Variations in (a) surface field and (b) in-
ternal magnetic structure when a longitudinal mag-
netic field is applied and then a current is applied.
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Fig. 10. Structure of magnetic flux and current in
a superconducting wire in the critical state in a lon-
gitudinal magnetic field.
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Fig.11. Schematic illustration of helical flux flow:
(a) motion of flux lines which pass through the cen-
tral axis and (b) motion of flux lines at each section
along the length .
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Fig. 12. Electric potential vs azimuthal angle at a
different longitudinal position of a cylindrical su-
perconductor: (a) experimental result ” and (b)
theoretical result of helical flux flow model *®.
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