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When all of the fast centers have the same correla-
tion time, then&eff equals the net number of accep-
tors, for our case. When there is a very great varia-
tion of v' among the centers, certain centers can pre-
dominate and jeff must be specially evaluated, as
will be seen for the hopping mechanism.
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A charged particle q moving with nonzero
components of velocity parallel and perpendic-
ular to a uniform applied magnetic field H~,
and in zero electric field, will follow a helical
trajectory. This helix can be described as dia-
magnetic, since the orbital circulation of q
generates a magnetic field inside the orbit which
opposes H~. In this Letter we report on obser-
vations of an increase in the longitudinal flux
threading type-II superconducting wires in an
applied longitudinal fieM when a transport cur-
rent is introduced in the specimen. '" This
phenomenon, called the longitudinal paramag-
netic effect, indicates that the current carriers
in type-II superconductors follow paramagnet-
ic helical trajectories.

The occurrence of a paramagnetic effect in
type-I superconductors is well established, ~&~

and has been shown to correlate with the res-
toration of resistance. ' In type-I superconduc-
tors, a paramagnetic helical current configura-
tion is thought to arise because the specimen
adopts an intermediate-state structure which
maintains the field B=H~ at the surface of the
superconducting domains, and thereby provides
least resistance along helical paths. '" In our
samples no resistance is observed until the
critical current is reached (where the onset
of resistance is abrupt), whereas the paramag-
netic effect first appears at currents consider-
ably below I~. Presumably, in the mixed state
of type-II superconductors, paramagnetic he-
lical trajectories are followed by the current
because these minimize the Lorentz force ex-
erted on the flux filaments. e

We present data obtained with (i) an as-re-
ceived, severely cold-worked 0.025-cm-diam-
eter Nb (25%) Zr Westinghouse wire with 0.007-
cm-thick Cu cladding, and (ii) a 0.125-cm-
diameter, high-purity Nb (50$) Ta M.R.C.
wire annealed for 1 h at 1100 C and 10 Torr,
yielding a resistivity ratio of =30. Each wire
is embedded in epoxy in a glass tube to ensure
rigidity. The excess or deficit of longitudinal
flux threading the wire is determined by ballis-
tically monitoring the emf induced in a pickup
coil surrounding the sample when the latter
is thermally demagnetized' (also at this junc-
ture, I-O). To circumvent the problem of crit-
ical current limitation arising from contact
Joule heating when I)250 A in our samples,
the section of the NbZr wire seen by the pick-
up coil was maintained at a suitable constant
temperature higher than that of the 4.2'K bath.

The flux threading the samples depends not
only on the final values of I, H, and T, but also
is determined by the previous history of these
variables. In this Letter we only present ob-
servations where the current is isothermally
increased to its critical value after the sam-
ple has cooled through the critical temperature
T in a constant applied longitudinal field H~.
Using this procedure we note that the longitu-
dinal flux threading the sample increases as
I-I~ and reaches a maximum at I~.

Since it has been established that the critical
current can be polarity dependent, ' the behav-
ior of I~ and of the magnetization as I-I~ was
investigated for each direction of current flow.
Although we noted differences of a few percent
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FIG. 1, Nb(25%)zr wire, 0.025 cm diameter.
Curve g: Critical current I~ versus applied longitu-
dinal field. Curve g: Paramagnetic magnetization at
I~ calculated from force-free model described in text.
Curve C: Paramagnetic magnetization at I~ calculated
from Meissner model described in text. Curve D:
Paramagnetic magnetization at Iz when the transport
current is introduced after cooling through T in con-
stant longitudinal field.
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FIG. 2. Nb(50 %%d)Ta wire, 0.125 cm diameter.
Curve E: Critical current versus applied longitudi-
nal field. Curve F: Paramagnetic magnetization at
I~ calculated from force-free model. Curve G: Para-
magnetic magnetization at I~ calculated from Meissner
model. Curve H: Paramagnetic magnetization at I~
(previous history as in curve D of Fig. 1).

in the critical current and in the magnetization,
dependent on the direction of current flow, in
this Letter we present only results for current
flowing in the direction of maximum I~ and the
corresponding magnetization at I~.

(i) NbZr wire. —Curve A of Fig. l gives Ic
vs H~. [The peak in Ic at low fields appears,
more or less pronounced, in all the Nb(25%)Zr
Wah Chang and Westinghouse wires we have
studied. ] Curve D of Fig. 1 shows 4'(Ic),
the magnetization at I~. All data of Fig. 1 were
obtained at the same temperature T„where
TI =8'K.

(ii) Nb-Ta wire. Curves—E and H of Fig. 2

show Ic and 4mM(Ic), respectively.
Figure 3 gives the initial magnetization at

I= 0 in increasing H~ (curve I) and the partial
Meissner effect upon cooling in H~ (curve J).
Curve K shows the flux-trapping behavior in
decreasing field after cooling to 4.2'K at Hg
= 0.32 ko. This procedure yields the maximum
remanence at H =0 in this sample. The mag-
netization data at Ic (curve H) are again pre-
sented for comparison. It can be seen that
the maximum longitudinal flux in the wire at
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FIG. 3. Curve I: Magnetization in increasing longi-
tudinal field (I = 0). Curve J: Flux expulsion (Meissner
effect) upon cooling in longitudinal field. Curve K: Mag-
netization in decreasing field after cooling at 0.32 kG.
Decreasing field curves obtained from other previous
histories lie above this one. Curve 8: Reproduced
from Fig. 2 for comparison.
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I~ can be appreciably larger than the maximum
remanence. Since the latter presumably rep-
resents a saturated critical state where the
sample is filled with induced (Bean-type ) flux
trapping currents at the critical density, the
presence of more flux at Ic (when Ho &150 G)
is unexpected. The discussion presented later
resolves this paradox.

In both samples, we note the correspondence
between the initial rise in I~ vs H~ and the on-
set of the paramagnetic effect. This correla-
tion extends over a wide range of applied fields
in the Nb-Zr wire, whereas in the Nb- Ta sam-
ple it is sharp and appears when the total field
at the surface of the wire is =Hc j. The initial
rise of I~ versus longitudinal H~ observed in

type-II superconductors has been attributed
to the penetration of the applied field into the
cross section of the wire and the accompany-
ing change from superficial to bulk flow of cur-
rent. ' Our observations show that this expla-
nation is incomplete and that the initial increase
in I~ is associated with the onset of the para-
magnetic effect.

(A) Force-free model. —Since Bergeron" has
shown that the large hump in I vs H observed
in type-II superconductor s' is consistent with

a force-free (hence paramagnetic) transport
current configuration, we attempt to interpret
our results in terms of a simple version of
this model. The force-free condition for an
infinite cylinder can be given generally by ](r)
=f(B,r)B(r), where j(r) is the current density
and B(r) is the local field. For simplicity, we

assume f (8, r) = n(H &), where H & is the total
field at the surface of the wire. Introducing
this condition in Maxwell's equation V xB = 4wj/
10 in cylindrical coordinates for an infinite
cylinder leads to the solutions"

8 (r) =AS (nr) and 8 (r) =AJ (nr),

where J,(nr) and J,(nr) are Bessel functions
of the first kind, and z l)H~. From the defini-
tion of the longitudinal magnetization we obtain

4'(I)-=—,t [8 (r)-H ]rwr=, -H,2 PR 2I
R z a 5eR a'

where 8 = wire radius in cm and we have used
Bg(R) =I/5R. We determine n at Ic from the
experimental data and the relation I /5RH
= J,(nR)/40(nR), where nR &2.43 (solutions
with nR &2.43 are energetically unfavored).
Curves B and E of Figs. I and 2, respective-

ly, give 4vM(Ic) obtained from this calculation.
Although the poor agreement with our data can
be attributed to the simple form assumed for
f (8, r), it is clear that any force-free model
would only be applicable to ideal type-II super-
conductors, and for such samples we expect
and observe better agreement with our simple
model.

(8) Meissner model or nearly force-free con-
figuration. —Since the longitudinal critical cur-
rent is enhanced by the presence of suitable
pinning regions, "Lorentz force effects should
be taken into consideration in understanding
the behavior of the paramagnetic effect and the
critical current in nonideal type-II supercon-
ductors. We next proceed in this direction.

Meissner4 has derived an equation for the
maximum paramagnetic moment in type-I su-
perconductors which is in excellent agreement
with the data in these materials. ' Although
Meissner derived this equation from considera-
tions of the intermediate state, by suitably mod-
ifying his assumptions we now obtain the same
expression applicable to the mixed state. Fol-
lowing Meissner, we assume that (i) the longi-
tudinal current density jz(r) is uniform through-
out the specimen, hence jz(r) = 58'(R)/wR and
Be(r) = (r/R)Bg(R) for an infinite cylinder, and
(ii) 8 '(r)+8& (r) =H&'= Hz +(I/5R—)'. This
last a.ssumption is more general than the con-
dition postulated by Meissner4 and is equiva-
lent to the requirement that the. magnetic pres-
sure Pm =-V(B') =0 throughout the specimen.
The longitudinal magnetization is then given
by

~5RH ~'-"' J5RH ~'

15R I I
Curves C and G of Figs. 1 and 2, respective-
ly, show that 4aM(Ic) obtained from this rela-
tion is in satisfactory agreement with the data.

Several authors'4 have shown that the criti-
cal-state magnetization of nonideal type-II su-
perconductors can be separated into a revers-
ible and an irreversible contribution. Druy-
vesteyn'4 has shown in transverse fields that
the irreversible part tends to vanish as I-I~,
while the reversible part persists. Presum-
ably the change from paramagnetic to diamag-
netic behavior in the Nb-Ta sample (curve H)
can be attributed to this equilibrium diamag-
netism.

We describe the Meissner model as nearly
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force free since the angle B(r) =cos '(j. B) is
always small (8 & 20') and decreases as H~
increases. The resultant Lorentz force densi-
ty

F (r) =j B -j B =(-I'/10vR')(r/R),

into account.
It is a pleasure to acknowledge the stimulat-

ing interest and suggestions of Dr. F. L. Ver-
non, Jr., in this work, and the assistance of
C. C. Perkins in the calculations.

and is seen to be nonuniform and to be directed
inward. In the paramagnetic effect, j~ is pos-
itive, hence the Lorentz force experienced by
the charged particles circulating around the
wire axis is opposed by the force occurring
when the particles acquire a longitudinal ve-
locity. Therefore, higher azimuthal current
densities can be sustained without exceeding
the critical Lorentz force' when a transport
current is present, and the maximum longitu-
dinal flux at I can exceed the maximum rema-
nence (compare curves K and H of Fig. 3).
Pursuing these considerations, we expect that
(a) I ', the critical current at small fields when
a remanent moment is trapped in the wire be-
fore I is applied, will exceed the critical cur-
rent I~ observed with no excess flux initially
present, and (h) I will increase as the initial
excess flux increases. These expectations are
verified by our and other measurements. '

According to present views, flux threads
type-II superconductors in the form of quan-
tized filaments or current vortices" which tend
to align with their cores along B. Our obser-
vations indicate that when a current near the
critical value is present in cylindrical speci-
mens in low longitudinal applied fields, the
vortices should adopt a "paramagnetic" heli-
cal configuration with ] flowing along or near-
ly along the vortex cores. Presumably this
configuration is assumed because it tends to
minimize the total energy of the system when
the pressure arising from the Lorentz force
and transmitted to the flux filaments is taken
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