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When the Lorentz driving force (J x yo)/c on

the flux quanta in a type-II superconductor car-
rying a current J exceeds the pinning force,
a voltage appears along the superconductor.
This voltage has recently been measured by
Kim et al. ' and arises by induction from the
flow of vortices driven across the supercon-
ductor by the transport current. The flow of
vortices is opposed by viscous forces of the
form -gvL, where q is the viscosity coefficient
and vL the velocity of the vortex. The motion
of vortices has been discussed by Anderson
and Kim' and more recently by one of us, ' who

has shown that the only force acting on a vor-
tex line is the Lorentz force (J xy, )/c arising
out of the transport current. The object of this
note is to discuss the viscosity coefficient q.

Kim and co-workers have shown that their
experimental results over a wide range of
temperature and composition can be described
by the empirical formula

= nEH 2c/ec,emp c2

where H~2 is the upper critical field and o the
conductivity in the normal state. They suggest
that the friction may result from currents flow-
ing in the core of the vortex line, a cylinder
with radius a approximately equal to the co-
herence distance g. This model follows from
a calculation of Caroli, de Gennes, and Matri-
con, who have shown that in this central re-
gion of the vortex the energy gap is so small
that the conductivity is practically normal.
It is found that g is much larger than can be
accounted for by eddy currents resulting from
the electric field Em = —(1/c)vL xH generated
by the moving magnetic field of the vortex line,
which was used as the basis of a previous cal-
culation by Volger, Staas, and Vijfeijken. '
We show that there is another contribution to

the electric field which can be much larger
in the vicinity of the core and leads to an ex-
pression for g close to the empirical one.

%e adopt a simple model for the vortex such
that the core of radius a is normal with con-
ductivity 0, and outside of the core the metal
is superconducting. The materials used by
Kim et al. are type-II superconductors with

$ «A, where A is the penetration depth. One
may expect to describe these materials approx-
imately by a local theory in which the current
density is a function of mvs(rs) =ps(r)+(e/c)
xA(r), where ps is the common momentum
of the paired electrons in the ground state and
A(r) is the vector potential. The quantum con-
dition for unit flux,

2f p dl=h,

The field may be expressed in the form'

E = -(l/c)(v xH)-gin,

where the electrostatic potential cp outside of
the core is given by

-ey =rnv -v
L s (4)

gives ps' =h/2r When .the vortex line is mov-
ing, r is replaced by r-v&1; to a close approxi-
mation the current distribution is unmodified
by the motion. However, an additional electric
field beyond that from A(r-vf t) is required
to change vs with time as the vortex line moves
past. This additional field is large near the
core and is responsible for the major part of
the energy loss when g«a. The equation of
motion for vs, if we keep only the terms de-
pendent on vL, is'

msv /et=-(v ~ v)v =-(e/m)E.
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This choice of y is consistent with electrical
neutrality, divE =0. When $«A. , A is small
compared with ps near the core, and one may
replace mvs by ps.

If we take vL in the x direction and require
that y be continuous across the boundary, we
find

y = -hv y/2er', r &a;

cp = —hv y/2ea', r &a.

(5a)

(5b)

The field within the core is uniform and equals

E, =hv /2ea'.

m'v '=2H 'g'e'/c'= ~~keH /c. (8)

Equating the dissipation in the core per unit
length of line, ~a2vE', to gvl', we find

~h'o vm'v 'cr
Sg

4e a' e'

When vs~ is expressed in terms of H~2, we
find an expression similar to the empirical
one:

rj= nmhH o/ec = nqc2 emp' (10}

where n is a numerical factor which varies
little with temperature and impurity concen-

There is a charge density (hvt /4~ca') sin&

developed at the surface of the vortex core.
In a more realistic model of a vortex without
a sharp boundary, this charge would be ex-
pected to be distributed over a distance of the
order of $. The Coulomb energy associated
with the charge is very small.

The normal current density in the core, OE;,
is very small compared with the supercurrent
flow just outside the core for any reasonable
normal conductivity. A small additional flow
outside the core is required to satisfy the con-
tinuity of current, but this will have very little
effect on the flow pattern and on F~.

The radius of the core may be estimated from
the critical value of vs for which the energy-
gap parameter, b, , goes to zero and the metal
becomes normal:

a = h/(2m v ) .sc

When evaluated from the local theory, ' we find
that near T =0 K, a is close to the coherence
distance $. For the impure case with a mean
free path l «4, we take $ = (I),)'". Near Tc,
where the Ginzburg-Landau theory applies,

-4vz j. = A-7'8',
ind

(12)

where 8' is the phase of the energy gap defined
by 6 = [ b, ~ exp(-2ie W/c) and AD is the Debye
length. In our notation ps = -(c/e)'7W, and in
the linear range in which these equations apply,

j;nd = -nev . The time derivative of (12) with
use of (ll} leads to (2). In our model, the in-
duced charge vanishes outside of the core.
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tration and is equal to & near Tz. Dissipation
outside of the core may be expected to con-
tribute a comparable amount, making the agree-
ment between theory and experiment even closer.

Other than near T~, there is doubt about the
applicability of the local theory in the immedi-
ate vicinity of the core. (The boundary of the
core will actually be spread out over a coher-
ence distance. ) Outside of this region, the
equations we have used can be justified in terms
of the microscopic theory. In the presence of
fields A and y, the induced charge and current
in a superconductor at T = 0 K are'

1 &8'—4Tfg p. = (p +
D ind c


