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MOTION OF QUANTIZED FLUX LINES IN SUPERCONDUCTORS*
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It has been argued® that in a superconductor
a flux line moving with velocity v, should be
subject to a force F = Ne®(V; x1n), where N
is the electron concentration, ¢ is the total
flux, 1 is a unit vector along its direction, and
we take units such that ¢ =1. This force is
presumed to be analogous to the Magnus force
acting on a vortex line moving in a liquid. Such
a force would give rise to vibrational modes,
a large Hall angle for current flow in type-II
superconductors, and other effects. There
is considerable experimental evidence that no
such force exists.? The purpose of this note
is to point out that the theoretical arguments
given for such a force are in error. In the
absence of current flow, the only force to be
expected is a viscous drag in a direction oppo-
site to the motion of the line. If there is a
current density, §:N(—e);o, superimposed
on that of the flux line, the only driving force
is the force Jxn regardless of the velocity of
the line. There are also forces between lines
which result from an interaction between the
current distributions. When a flux line moves
in a neutral fluid at rest there are no currents
except those associated with the flux line, and
thus no force on the core except the viscous
drag.

The only limitation is that the supercurrent
flow be large compared with the normal cur-
rents generated by the motion, and this will
be true except for very high velocities of the
line. The motion is essentially adiabatic; the
current flow pattern follows the motion. One

may calculate the overall force by Ampere’s
rule, and this leads to F=¢Jxn. There is,

of course, an electric field generated by the
vortex motion, but this gives no net force on

a neutral system; the force on the electrons

is balanced by that on the positive background.
The electric field does give rise to a normal
current flow (resulting from a nonthermal equi-
librium electron distribution), and this in turn
gives a frictional drag on the line.

In the bulk of a superconductor, Magnus
forces associated with superfluid flow are
balanced by the Lorentz force from the mag-
netic field. How this occurs when the local
London theory applies has been described by
London.® The stresses corresponding to the
integrated Lorentz force act at the boundary.
The absence of internal stresses follows more
generally from the Meissner effect; the super-
currents represent the thermal equilibrium
situation in the presence of the magnetic field.

The errors in previous treatments appear
to arise from neglect of the forces from the
compensating positive background. Suppose
that V¢(T) is the velocity field of the flux line
at rest. In uniform motion it is approximately
Vs(@-Vt), giving an inertial force avg/at
=—(Vy+V)Vg. Part of this, =V XV xVg, con-
tributes to the Magnus force. The magnetic
field H(f-V¢) depends in a similar way on
time. From the time-varying field, there is
an electric field E = “”L xH+ V¢, where ¢ is
such that div E =0. This electric field acts
both on the electrons and on the positive back-
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ground. The total force density is zero, so
that there is no net force of reaction on the
core resulting from its motion.

If we consider the force on the electrons
alone, and combine it with the Magnus force,
the total force per unit volume is

- - e —-~

—NmVLX{VXvS—mH}—NeWp.
The term in curly braces vanishes from the
London equation except at the core, and may
be replaced by —(e/m)@nd(F-Vt). The net
force on the core from the reaction to the above
is ~Ne¥V; X1, which is the negative of the
integral of the Lorentz force. In a frame mov-
ing with the vortex line, it represents the net
force from the electron current moving with
drift velocity —=V; . However, as discussed
above, this force is cancelled by the reaction
from the corresponding force on the positive
background, so that the total force due to mo-
tion of the line vanishes. This result is con-
trary to the case of a vortex line moving in
liquid helium at rest where there is a net Mag-
nus force associated with motion relative to
the fluid.

The normal current density may be estimated
roughly as to order of magnitude from 3,2
=ornﬁ and compared with Jg. From the above
expression for E, we have

~ 2,
Jn Ne TvLH/m.

An estimate of Jg from the London equation
is
JS ~ALNeZH/m,
where A is the penetration depth. The ratio
is
Jn/Js~TvL/AL~wT,
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where w=v;/A; corresponds roughly to the
frequency of the disturbance resulting from
the motion. Thus, the condition that Jy<<dJgs
is equivalent to wt < 1. For example, for
7~5%x107° sec, Ay ~5x107°% cm, and v},

~1 cm/sec, Jy/Js is of the order 1073,
This value of 7 corresponds to a mean free
path of almost a centimeter. Thus the nor-
mal-current flow should be very small under
nearly all conditions.

The frictional drag may be estimated from
the integral of 0,E2, which gives the power
lost as heat. If there is a driving force on
the line from uniform current J =N(-¢)v, of
electrons moving with drift velocity v,, the
line will move in a direction perpendicular
to both » and v,. In most cases, the motion
is probably retarded by trapping of the line
at imperfections, as discussed by Anderson
and Kim.*
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