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SUPERCONDUCTING TUNNELING AT HIGH MAGNETIC FIELDS AND

POSSIBLE EVIDENCE FOR GINZBURG SURFACE SUPERCONDUCTIVITY*
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(Received 28 December 1964; revised manuscript received 18 January 1965)

Behavior in the dV/dI-vs-V characteristics
as a function of magnetic field and temperature
in various Al-Al&Oy metal tunneling junctions
has been found which may be evidence for Ginz-
burg surface superconductivity. In particular,
the striking characteristic of the curves of dV/
dI vs ~ is that the superconducting-like behav-
ior persists to magnetic fields of about 20000-
30000 Oe, ' which is orders of magnitude above
the bulk critical fields of Al (Hc = 30 Oe) at tem-
peratures of =1'K. These effects also persist
to temperatures near 2'K. Arguments and ex-
periments are presented to show that these ob-
servations cannot simply be explained by strain
effects. '

We have measured the dynamic resistance
[p = (dV/df)(superconducting density of states) ']
of a series of tunneling junctions. The ac and
dc currents were fed from constant-current
sources and the ac voltage on the junction was
kept below 300 microvolts peak to peak. The
junctions studied were made by oxidizing the
initially deposited Al (about 1000 A thick) and
then depositing the second metal. The oxide
was always in intimate contact with the Al.
The films were deposited using standard tech-
niques (i.e. , in a vacuum of about 10 6 mm
Hg on a glass substrate at room temperature).
2 to 60 minutes were allowed for the formation
of the oxide layer.

Typical tunneling resistance-voltage curves
in a magnetic field parallel to the junction sur-
face are given in Fig. 1(a). The curves illus-
trate the last (gapless)' traces of superconduc-
tivity in Pb at 2.2'K as the field approaches
the critical magnetic field. The width at the
base of the resistance-voltage curves near the
maximum field is still approximately the zero-
field energy gap for Pb. While maintaining
a field sufficient to suppress the superconduc-
tivity of Pb, the temperature was lowered.
The resultant resistance-voltage curves are
shown in Fig. 1(b). It is evident that at temper-
atures of 1.8 K and below, there appears su-
perimposed upon the normal resistance-voltage
curve an additional resistance. The small re-
sistance increase (less than 1% of the normal
junction resistance) resembles the curves il-
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FIG. 1. (a) Last traces of lead gap in Pb-A1~0&-Al
junction at 2.2'K. Thickness of Pb and Al is about
1000 A each. (b) Emergence of high-field resistance
peak belovr about 1.8'K for same junction. Magnetic
field is 2900 Oe.

lustrating the last traces of superconductivity
in Pb shown in Fig. 1(a), but the width of the
resistance peak is appreciably less' than that
of Pb. We note that there is a resistance dip
before the resistance merges into the normal
resistance. This is analogous to curves for
superconductors in zero field, and further sup-
ports the superconducting nature of the addition-
al resistance. Figure 2 illustrates the high-
field persistence of the additional resistance.
W'e see that the peak height decreases with in-
creasing magnetic field, disappearing at about
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FIG. 2. Persistence of high-field resistance peak at
a temperature below 1 K. Note that the x input to the
recorder has been reversed thereby reversing the
scale on the voltage abcissa, as compared to Fig. 1.

20000 Oe at slightly under 1'K. It may further
be noted that the peak width does not vary ap-
preciably as the field is increased to the crit-
ical field. The maximum critical field also
depends on the temperature; the critical field
decreases as the temperature is increased.
These effects have been observed in junctions
with the second metal consisting of Al and Ni
as well as the Pb used in the illustrations.
The Al-AlxO&-Al junctions were used to find
the zero-field behavior of the additional resis-
tance, since in this case a field does not have
to be applied to remove the Pb gap. The zero-
field data show that as the temperature is de-
creased, the resistance increase appears be-
low T =1.8'K. This junction also showed a sharp
decrease in the peak width as T~ was approached.
Ac resistivity measurements along the Al have
shown that the full normal resistance is restored
at 2'K, and higher in some junctions.

In summary, the main features in our obser-
vations suggest superconductivity whose ma-
jor characteristics are a persistance to a T„
=1.8'K, a maximum critical field H~ =20 kOe
at 1'K, and an equivalent thermodynamic bulk

critical field Hq which mould be Hc = 200 Oe
(at O'K). We first note that a superconductor
should have a maximum critical field which
does not exceed the limitation imposed by the
energy gain from the paramagnetic energy of
the normal state. ' Using the Clogston estimate'
for H~ = 18.4T&[1-(T/Tc)'] koe, we obtain
23 kOe, in agreement with our observed val-
ues' of 20-25 kOe for this junction. Two ex-
planations for these high-field effects are that
the superconducting regions may have a small
dimension and thus have the upper critical field
associated with thin film or filaments', or that
the regions giving rise to the superconductiv-
ity could have a large Ginzburg-I andau param-
eter K. In the first case, from the relationship
for a thin film't" [with Kd/X«1 (Hm =2X 6'"X/
d) where A is the actual penetration depth and
d is the thickness of the superconducting region],
we find that a dimension d-100 A or less would
explain the data. In the second case, from the
relationship for the type-II superconductor

Qc2 = &2Hc[1 (T/Tc) ]K—or Hcs = 1.7H&2, if
the boundary conditions give further enhance-
ment of the Saint-James-de Gennes type"},
we find K=60-100. Experiments in perpendic-
ular fields, which showed only the normal tun-
neling behavior, suggest that the effects we
are seeing are thin-film effects rather than
due to high values for K. We have made some
further effort to establish what regions are
the source of the high-field effect and whether
or not the effect is due to a Ginzburg surface
layer at the superconductor-dielectric interface
rather than a very thin film of highly strained
Al. We have been able to show by separate
resistivity measurements and additional mea-
surements on junctions with trimmed edges
that it appears that these effects are probably
associated with the edges of the evaporated
film, which are known to be much thinner than
the main part of the film. Having established
that the edges are probably the origin of the
high-field effect, the question remains of es-
tablishing whether the observed upper temper-
ature of T~ - 1.8-2.0'K& Tc = 1.2 (for bulk Al)
can reasonably be attributed to highly strained
Al rather than a special property of the Al-di-
electric interface. Estimating the increase of
critical temperature due to stresses arising
from the different contraction between the Al
and the substrate, we obtain a rise of no more
than 0.4'K using a value of 10 ~'K/atm for dT&/
dP. The rise in T~ is due to the fact that Al
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contracts more than the soft glass substrate.
A more conclusive demonstration that our ob-
served T = 1.8-2.0'K is not due to the differen-
tial contraction is illustrated by depositing films
on Teflon. Under these conditions the substrate
contracts more than the Al, thereby giving a
compressive stress which should result in a
lowering of Tz. In this case we find that the
main part of the evaporated film is not fully
superconducting at 1.0 K. However, there is
still evidence of superconducting regions that
persist until 1.75'K. Thus, we conclude that
there are effects which cannot simply be attrib-
uted to stresses arising from the different rates
of contraction between the Al and substrate.
We therefore suggest that the rise in T~ and

the high fields are possibly due to Ginzburg
surface superconductivity originating in the
superconductor-dielectric interface in the film
edges. Ginzburg has suggested that a metal
dielectric surface would cause an additional
attractive interaction energy between electrons
in the vicinity of the surface. The contigura-
tion of a dielectric layer on a superconductor
is exactly the configuration used in electron-
tunneling measurements where a dielectric
layer of the order of 20 A is used to separate
a superconductor from a metal. " These sur-
face effects may also appear in sensitive bulk
resistivity measurements in a magnetic field,
if there is an oxide layer. This could explain
the resistance tail up to at least 382 observed
by Rosenblum, Autler, and Gooen" in Nb.

We thank Professor David H. Douglass for
his discussion of thin-film problems, and in
particular for suggesting that the high-field
effects we have observed could be associated
with the edges of the junction. We also thank
Dr. Arnold M. Toxen for a helpful discussion
on the effect of strains in thin films and other
thin-films problems.

Note added in proof. —Since submission of
our paper, Hannay et al."also have submit-
ted a paper presenting possible evidence for
two-dimensional superconductivity in graphite
lamellar compounds. The possibility of gen-
eral two-dimensional superconductivity has
been discussed by Ginzburg and Kirzhnits. "
In a later paper Ginzburg then discussed some
possible types of two-dimensional supercon-
ductivity which could arise on the surface.
Hence, both the data of Hannay et al."and
our own make it very probable that two-dimen-
sional supereonduetivity exists and is observ-

able in special situations.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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The hyperfine-structure (hfs) spectra of the
14.4-keV y ray of the nucleus ' Fe in the para-
magnetic salt hydrated ferric ammonium sul-
fate have been measured through the use of the
Mossbauer effect. These measurements were
performed at an absolute temperature T in the
liquid helium region in zero applied magnetic
field, and also in the presence of applied mag-
netic fields H large enough to produce a sub-
stantial polarization of the unpaired electron
spins of the Fe+++ ions. The behavior of the
Mossbauer linewidths, shapes, and spacings
of the hfs spectra observed here differ from
the hfs spectra found for either magnetically
dense of exceedingly dilute magnetic materials.

In previous recoilless radiation studies where
the magnetic materials have had a high density
of magnetic ions, for example metallic iron'
or n-Fe,O„'& it has been found experimental-
ly tha. t the individual gamma-ray lines of the
hfs multiplet may show widths which are very
close to h/TfV where Tg is the nuclear y-decay
lifetime, ~ and that the line spacings may be very
well described' by an approximate Hamil-
tonian which for either the nuclear excited or
ground state has the form

aC =AMI /gP+g P Hf
1 z n n z

=g P (H +H)f, (lb)

where

H =AM/gPg P (1c)
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In Eqs. (1), g„ is a nuclear gyromagentic ratio,
Pn is the nuclear magneton, A is an hfs coupling
constant, Iz is the z component of the nuclear
spin operator I, g is the electron gyromagnetic
ra, tio, and P is the Bohr magneton. The quan-
tity I, the electron spin magnetization or sub-
lattice magnetization in the case of an antifer-
romagnet, is the thermal average of Sz, the z
component of the electron spin operator S, and
Heff is an effective magnetic field. Recoilless
radiation studies have also been made on dilute
magnetic materials, for example by Wertheim
and Remeikas on very dilute solutions of Fe,03
in Al,03. For zero applied magnetic field, Wert-
heim and Remeika observed a resolved hfs spec-
trum in which the lines of the multiplet, as
above, showed widths close to h/T~ and where
the line spacings were mell described by AI S
plus a small crystal-field term. Measurements
have not been reported, but it may be expected
that if this magnetically dilute material were
placed in a strong magnetic field (AH»A),


