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A series of structures is observed in the field dependence of the current threshold of
a type-II superconductor in a longitudinal magnetic field. In the mixed state the struc-
tures appear in the field H=H_/N (H,, is the upper critical field; N is an integer), while
for the case H> H,, they are observed when H=N 1 2Hc2. These phenomena are discussed
on the basis of the Ginzburg-Landau equation. The experimental data in the mixed state
are interpreted as evidence for the existence of some new quantum states other than the

Abrikosov state.

It is well known that type-II superconductors
exhibit considerable enhancement of the conduc-
tion-current threshold and peculiar magnetization
behavior when there is an impressed dc conduc-
tion current in a longitudinal magnetic field.'™®
In the case of an ac conduction current a decrease
of ac power loss in the field is also observed.”®

I would like to report on new macroscopic quan-
tum phenomena found in the measurement of the
current threshold of a type-II superconductor
near the critical temperature 7, in longitudinal
magnetic fields. The material used in our exper-
iment is commercial Nb-25% Zr (Westinghouse)
wires of 0.025 cm diam. The current threshold
is measured by increasing the conduction current
in the specimen which has been cooled through
T, to 10°K in a static longitudinal field H. The
specimen temperature is chosen near T, in order
to decrease the influence of the flux-pinning ef-
fect,

Figure 1 gives the observed relation between

threshold current J, and applied field H, In a
field less than the lower critical field H,,, where
the superconductor is in the Meissner state, the
conduction current reaches threshold when the
resultant surface field becomes H_,.2 In the
mixed state (H,, <H <H_,), however, a series of
structures appears when H =H_,/N (N is an inte-
ger), where very small threshold current is ob-
served, while when H>H_,, the structures appear
in the field H =N'2H ,.
In order to discuss these phenomena, we inves-
tigate the Ginzburg-Landau (GL) equation. Since
the temperature is near 7, a linearized equation

{[v - (2ie/nc)A)2+& 2 yp=0 (1)

can be used, where A is the vector potential; £,
the coherence length; and ), the order parame-
ter. Inthe frame in which the applied magnetic
field is in the z direction, the vector potential is

A= (~Hy,0,0).
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FIG. 1. Observed field dependence of the threshold
current. The inset shows the theoretically derived
characteristics.

Equation (1) obviously has a solution of the form
y=expli(k, x+k,2)| F(y),
where F(y) has to satisfy the equation
(0%/oul+p —u?)F=0 (2)
with
u=(2|e|H/c)"*(y —vy,), yo,=—Fck,/2eH,

u=(ic/2| el H)E -k,

Just as for the one-dimensional Schrédinger equa-
tion for simple harmonic oscillator, the solutions
of Eq. (2) are finite everywhere only when pu =2
+1 (n is an integer). This condition is rewritten
as

(7ik,)?/4m + (n+ 3K | e| H/mc = (H/£)?/4m 3)
or
|k | =k (H)=£ [1 - (20+ 1)H/H ,] . (4)

For each quantum state the order parameter may
assume an expression of the form

¥=C,.(x,y) exp(ik,2) + C,.(x, y) exp(- ik, 2),

where the coefficients C,, are determined by
boundary conditions. The current in the z direc-
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tion is given by
J .= = (iell/2m)(y 8y*/3z - c.c.),

since the vector potential A lacks a z component,
We then have the maximum current for a quantum
state,

J.= (efi| v| 2/m)k,, (5)

With use of the well-known field dependence of
the order-parameter amplitude,®

L2 Zzl‘_H/Hc}__
Yol Ba(l—1/2k2)

(¢, is the order-parameter amplitude at H=0, g8,
=1.16, and k is the GL parameter), we have from
Egs. (4) and (5)

c2
with

g =€l /me
@ B,(1-1/2?"

Equation (6) shows that J_ =0 when H=H_,/(2n+1),
while our experiment shows that the structures
in the mixed state appear when H=H ,/N; thus
we must reconsider our discussion so as to elim-
inate the discrepancy.

Equation (3) can be viewed as expressing that
a Cooper pair has a quantized diamagnetic mo-
mentum (z+3)%lel/mc. Inthe Abrikosov state
one may associate a paramagnetic momentum
3philel/mc with a Cooper pair, which corresponds
to the vortex state of p flux quanta (p an inte-
ger). We arbitrarily introduce these two quantum
numbers and associate a resultant momentum
(2n -p+1)%lel/2mc with a Cooper pair. With this
stipulation the threshold current takes the form

Jc_ i _f]__ 1/2
Jco-(l—Hw)[l—(Zn _,,+1)ch] . )

We see from Fig. 1 that in the mixed state only
the threshold current with the lowest 2n —p +1
value is realized when H/H_,#1/N, and states
with higher 2» —p +1 values are only observed
for the case H/H_,=1/N. Apparently this rule
does not fit well in the region with small applied
field and large current. In this region, however,
the self-field induced by the conduction current is
comparable to or larger than the applied field.
Therefore, some corrections for the observed
data of the current and the field are necessary to
find out their real values. Table I illustrates J -
H characteristics given by Eq. (7) for some sets
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TABLE I. Derived field dependence of the threshold
current fitted to the experiment.

h=H/H, d./Jdg n,p
1>h>1/2 1-# 0,1
1/2>h>1/3 (1=h) (1 —2R)1/2 1,1
1/3>h>1/4 (1—-h)(1—3K)1/2 2,2
1/4>h>1/5 (1 =h) (1 —4k)1/2 2,1
1/56>h>1/6 (1-k) (1 —5h)1/2 3,2
1/6>h>1/1 (1 —h) (1 —6R) 12 3,1

of the parameters (n, p) which are selected to
have the equation fit the observed field depen-
dence of the threshold current. The curves of the
inset in Fig. 1 show the derived characteristics.
In the selection of the parameters, we assume

p =1 and take the lowest set if there are plural
sets for a value of 2n —p+1. Since the Abrikosov
state corresponds to =0 and p=1, the above in-
terpretation of the experiment means that when
H, <H <H_, there exists new quantum states
other than the Abrikosov one. LeBlanc' has re-
ported structure in the axial magnetization of an
Nb wire carrying a critical current which exhib-
its a dependence on the longitudinal magnetic
field below H_, similar to that described in this
article.

The behavior of superconductors when H >H ,
is usually attributed to time-dependent phase
fluctuations and surface superconductivity.'? In
order to investigate the observed structures in
this region, we use the diffusion-type time-depen-
dent GL equation,?

{-Dta/at+[V - (2ie/fic)A]?+¢ "%} y=0,
where the diffusion constant D is given by
D=Evg (8)

in the dirty limit, v being the Fermi velocity.
Looking for a solution of Eq. (8) in the form

¥=exp(- wt) expli(k, x + £, 2)]G(y),

we again arrive at the one-dimensional equation
of a harmonic oscillator. The equation has finite
solutions when

H/H,= (wE?/D+1 -k 2% /(2n+1). (9)

Here we make an assumption that the decay fre-
quency w takes only the discrete values

w=qA/T,

where A is the energy gap and g an integer. Us-
ing the relation ¢ =7w;/7A and assuming n=1, we
find from Egs. (8)-(10) that 2,=0 is realized
when

H/H_,=1+q/m,

which takes the values 1.32,1.64,1.96, --- ac~
cording as ¢=1,2,3,---., These values are in
good agreement with the fields where the struc-
tures are observed.

From Fig. 1 we see that the surface supercon-
ductivity appears in the fields where, for the
bulk superconductivity, £,=0.
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