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Observation of Intermediate Quantum-Resistance States o ype-
Su erconducting Films in Parallel Magnetic Fields 4

J. T. Chen, L. G. Hayler, and Y. W. Kim
Department of Physics, Wayne State University, Det~ait, Michigan 48202

(H,eceived 27 November 1972)

%e have found several new conducting states of constant and quantized resistances in a
supercondueting Pb film in parallel magnetic fieMs between H, 2 and H,3. These states
can be explained qualitatively as due to the conduction of coherent quasiparticles in the
normal lamina penetrated by the magnetic field.

It has been reported previously that the quasi-
particles in the surface bound states of a bulk
type-I superconductor can be excited into the
BCS continuum by means of microwave absorp-
tion. ' ' In this Letter, we wish to report some
experimental evidence which shows that dc cur-
rent may conduct directly through the bound
states in a pure type-I superconducting film.
The experimental evidence which manifests this
effect is in the form of several linear current
branches "hidden" between the two well-known
(zero-resistance and Ohmic) sections of the 1- V

characteristic of the film.
The samples investigated are high-purity

(99.9999%) Pb films with dimensions 0.3 mm in
width, 5 mm in length, and 4000 A in thickness.
The films are evaporated onto room-temperature
glass substrates in a vacuum of 10 ' Torr. The
I-V characteristics are traced out by using a
low-noise constant-current source which can be
manipulated in either the increasing- or the de-
creasing-current direction near any point on the
I-V curve. The conventional four-terminal ar-
rangement is used to measure the current and
voltage along the length of the film.

When the I- V curve is traced out in a conven- .

tional way (by simply increasing the bias current
monotonically from the zero voltage to the Ohmic
section and then decreasing continuously back to
the zero voltage), the I Vcharacteristi-c of the
superconducting film in a parallel magnetic field
is generally shaped like the insert in Fig. 1.
However, if the bias current is allowed to de-
crease very slowly, the film does not make a
smooth transition from the Ohmic state directly
back to the superconducting state. Bather, it
skips discontinuously along the returning section
of the I-V curve and momentarily stops at sev-
eral intermediate points. Starting from one of
these points, a stable current branch of constant
slope can be traced out. Repeating the same pro-
cedure many times but each time starting from a
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FIG. 1. The I-V characteristic of a Pb film in a pa-
rallel magnetic field H~~ =1.4 kG and at the temperature
T =4.2 K. The normal-state resistance of the film is
R =0.36 Q. The upper scale is for reading the quan-E
turn resistances which are indicated by the arrows ex-
trapolated from the linear current branches.

different intermediate. point, an I- V characteris-
tic showing these new intermediate states can be
obtained. An example of such an I- V character-
istic at low voltage is shown in Fig. 1.

The most striking feature of these intermediate
quantum-resistance (IQR) states is that they have
well-defined quantum resistances which are less
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than the normal-state resistance of the film. In
addition, the extrapolations (shown as dashed
l,ines) of these current' branches lead to the same
intercept at zero voltage. This current intercept
Ip is les s than the total critical current I, of the
film, and it has a magnetic field dependence sim-
ilar to that of I,. The I- V characteristics of
these IQR states can be simply expressed by

I= Io+ V/r„, n = 1, 2, ...,
where x„ is the quantum resistance of the nth
state. As can be seen from the arrows pointing
to the upper scale of Fig. 1, the values of ~„sat-
isfy
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T=4.2 K

Hew=2 4 KG

r„=r, (n —o.), (2)

where r, =0.03 0 and n -0.2 (the magnetic field
dependences of r and a to be described later).

Equation (1) does not indicate the allowable
range of current (hereafter called current ampli-
tude) for each IQR state. However, the pattern
of the current amplitudes shown in Fig. 1 is typi-
cal of the experimental results. Namely, the
current amplitudes decrease successively with
increasing n. Because of this reverse order in
magnitude, these current branches could thus be
"hidden" if the conventional way were used to
trace out the I-V curve. Only near the parallel
upper critical field, H„, or when the magnetic
field is not parallel to the film, do the current
amplitudes become irregular in order and step-
like structures appear at the top.

The magnetic field dependenees of the IQR
states are as follows. These IQR states are not
observable for H)~ &0 8H ~ where H„ is the per-
pendicular critical field of the Pb film. The first
(n = 1) IQR state appears near 0.8H„(H„-1.0 kG).
However, the current amplitude of this branch is
rather small at this magnetic field. Its magni-
tude grows with increasing magnetic field. Mean-
while, more current branches become observable
in the increasing order of n. These magnetic
field dependences are illustrated in Fig. 2 in
which the current amplitudes of the first two IQR
states are shown as functions of magnetic field.
It is also seen in Fig. 2 that the current ampli-
tudes decrease rapidly after 1.5H„, indicating
the diminishing of superconductivity in the film.

As shown in Fig. 3, when the first two IQR
states appear initially near 0.8H„, their resis-
tances are quite large. With increasing mag-
netic field, they quickly drop to their respective
limiting values. Even beyond 1.5H„, the quantum
resistances do not change their values signifi-
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FIG. 2. The D'. agnetic field dependences of the cur-
rent aD)plitudes for the first two quantum-resistance
states ~

cantly. The magnetic field dependences of n and

r, can also be obtained from Fig. 3 and Eq. (2).
It turns out that n is not strongly field dependent
and is within the range of —,

' &n & —,. Therefore,
the magnetic dependence of rp is very similar to
that of r, since r, = r, /(1 —n).

We attempt to explain these IQR states quali-
tatively in terms of coherent quasiparticle bound
states. 4' The origins of such bound states in a
supercondueting-normal (SN) binary film, a SNS
sandwich, or in the normal lamina of an inter-
mediate-state superconductor have been dis-
cussed in many theoretical articles. " In our
case, the bound states are due to the coherent
reflections of quasiparticles (and holes) into
quasiholes (and particles) by the pair-potential
boundaries which separate the magnetic-field-
penetrated normal lamina from the two super-
eonducting surface sheaths. While each quasi-
particle is characterized by a set of quantum
numbers (k, , k„k~„), where k„and k, are the
two components parallel to the film and k~„ is the
component perpendicular to the film, a bound
state is characterized by k~„only. For a rec-
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FIG. B. The magnetic field dependences of the first
two quantum resistances.

tangular pair potential well, it is known that k &„
= (w/d)(n —o. ), where d is the width of the well,
n an integer, and n a constant. If we consider
those quasiparticles whose Fermi velocities are
nearly parallel to the plane of the film, the nth
bound state consists of all the quasiparticles
with different k F„and k F, but the same k~„.

Such a bound state, having an energy within
the energy gap, is a macroscopic phase coherent
state like the ground state. As these particles
move nearly parallel to the film they are sub-
jected to transverse reflections with the same
frequency v„=8k~„/md. Our explanation of the
IQR states is as follows. When the biased cur-
rent is smaller than the critical current of the
two superconducting sheaths, it is conducted
through the two superconducting sheaths alone.
If the current is greater than the critical value,
it may split into two components: One, equal to
Ip remains in the two supe rconducting sheaths,
and the other, equal to V/x„, is diverted into the
normal lamina and conducted via the nth bound
state. We assume that the resistance of the nor-
mal lamina (in this metastable state) is propor-

tional to the frequency of the transverse reflec-
tion. For a rectangular potential well, this as-
sumption leads to r„o=v„~k ~„~n —o, . The com-
mon intercept I, is also the consequence of this
particular shape of potential well since the ef-
fective thickness of the two superconducting
sheaths is the same for all the bound states.

The magnetic field dependences can be under-
stood as mainly due to the change of the normal-
layer thickness. ' At H~~ &H„, the magnetic field
starts to penetrate into a normal layer of thick-
ness roughly equal to the coherent length $, which
for the Pb film in question is about 1500 A. As
the magnetic field is further increased, the nor-
mal layer expands to the whole film which has a
thickness of t-4000 A. The increase of the ef-
fective thickness of the normal layer leads to a
larger current amplitude. In addition, a larger
d means smaller k~„'s, consequently smaller
r„'s. Other experimental evidence also supports
the preceding argument: First, Fig. 3 shows that
both r, and r, are reduced from the maxima to
the minima by a factor of about 3, which is rough-
ly the ratio of t/$. Second, when the first IQR
state becomes observable at H~~ -0.8 kG, the cur-
rent branch is not a perfect straight line but is
rounded (not shown here). This roundness of the
current branch indicates that the boundaries of
the normal layer are not well defined when the
magnetic fieM first penetrates into a thin layer.
The current branch becomes almost a perfect
straight line in a large field as shown in Fig. 1.
Finally, it is noted that for H~~ & 1.4 kG, while the
current amplitudes (in Fig. 2) start to drop be-
cause of the destruction of superconductivity, the
quantum iesistances (in Fig. 3) still remain at
the limiting values, meaning that the final bound-
aries are close to the film surfaces.

It is worth noting that when the film is in an IQR
state, not all the current is conducted through the
coherent quasiparticle state. Equation (I) and
Fig. 1 indicate that a component equa1. to I, is
still in the two superconducting sheaths. There-
for e Ip signifies the critical current of the su-
perconducting sheaths. Since the voltage is de-
veloped along the whole film, the superconducting
sheaths should also be biased by the same vol-
tage. The electrodynamic properties of these
voltage-biased superconducting sheaths remain
to be investigated.

The experimental results for the different ori-
entations of the magnetic fields are essentially
the same so long as the field is parallel to the
film surface. This further proves that the bound
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states are determined by the thickness of the
normal lamina. If the magnetic field has a com-
ponent perpendicular to the film surface, some
complications arise due to the additional flux-
flow voltage. " When the magnetic field is ori-
ented at about 10' to 20' relative to the film sur-
face (depending on the magnetic field), the cur-
rent branches become so small that the flux flow
determines the main features of the I-V charac-
teristics.

Several films of different thicknesses have
been studied to look for thickness dependence.
For a thin film (t- $), the quantum resistances
do not have as strong a field dependence as shown
in Fig. 3. For a thicker film (t&3(), the current
branches representing the IQR states are not
straight lines. In addition, they are not stable.
This shows that when d«t, the normal lamina
is not well defined nor stable. The best experi-
mental results are obtained when the thickness
is in the range of $ &t &3). A more detailed ac-
count of this work will be reported elsewhere.

Sugahara" has recently investigated the step
structures in the I-V characteristics of a type-
II superconducting wire of diameter much greater
than the coherence length. He attributed his con-
stant-voltage steps also to the coherent bound
states (but of different nature). Since our cur-
rent branches have constant slopes instead of

constant voltages, a direct comparison of the two
results cannot be made.
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Fluctuation-Induced Diamagnetism in Dirty Superconductors
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An explicit evaluation is made of the fluctuation-induced diamagnetism from zero-
point fluctuations, which have been neglected in a previous calculation by Maki and Taka-
yama. It is shown that in fact this contribution has another scaling field —&po/l2, as cal-
culated previously by Lee and Payne and by Kurkijarvi, Ambegaokar, and Eilenberger.
However, this term gives rise to an almost constant susceptibility (of the same order as
Landau diamagnetism) in the field region of experimental interest b.e., H- H,2(0), the
upper critical field at T =0 K] .

Fluctuation-induced diamagnetism in super—
conductors above the transition temperature has
been studied recently both theoretically and ex-
perimentally. In the pure limit, where the effect
of nonlocality is extremely important, the de-
viation from the simple theory' ' (which is worked
out in the framework of the Qinzburg-Landau
theory), found experimentally by Gollub, Beasley,
and Tinkham, ' is well accounted for in terms of

microscopic theories proposed by Lee and Payne
(L&)' and by Kurkijarvi, Ambegaokar, and
Eilenberger (KAE). ' In the dirty limit the theo-
retical situation appears a matter of controversy
for the moment. It has been recognized that, in
the dirty limit, the nonlocal effect is of no im-
portance, but time-dependent fluctuations play
a primary role in the induced diamagnetism. '
Although a number of recent experiments' "


