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Tunneling and the electron-phonon-coupled superconductivity of N13Sn
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A substantially improved description of published electron-tunneling spectra from Nb3Sn is

obtained by taking account of a probable surface proximity layer in the junctions studied. The
results satisfactorily describe the superconducting properties of Nb3Sn within the conventional

framework of strong electron-phonon coupling theory, with A. = 1.8+ 0.15, p, =0.16+ 0.03.

I. INTRODUCTION

Considerable fundamental and technological in-

terest exists in the properties of the high transition
temperature 315 phase superconductors, of which
class Nb3Sn is probably the most thoroughly investi-
gated. Yet the fundamental coupling constants A. and

p,
'

describing, respectively, the electron-phonon and
Coulomb interactions in this material are as yet im-

precisely determined, apparently leaving some possi-
bility that coupling mechanisms other than the
electron-phonon mechanism might occur in Nb3Sn.

The most sensitive probe of the strong coupled su-
perconducting state is the Giaever tunneling experi-
ment as developed by McMillan and Rowell. '

Pioneering tunneling measurements on Nb3Sn were
made by Shen, ' who concluded that a description of
superconducting Nb3Sn could be made with X =1.55
to 1.69 (assuming p'=0. 11 to 0.15, respectively),
consistent with pairing induced solely by electron-
phonon coupling. More recently, greatly improved
thermally oxidized Nb3Sn tunnel junctions have been
made and preliminary results reported. ' However, as
had earlier been the case with oxidized Nb tunnel
junctions, 4' the convenrional quantitative analysis (of
the phonon-induced structure in the tunneling I- V

characteristic) yields h. values too small to reasonably
account for the T, of the materia/. The preliminary
values A. =0.76 and p,

'= —0.10 obtained straightfor-
wardly from conventional analysis of tunneling data
from the Nb3Sn-oxide-Pb junctions reported in Ref.
3, are indeed anomalous. Taken at face value, the
negative value of the Coulomb repulsion parameter,

p, ', suggests the possibility of an unconventional
mechanism for the superconductivity. On the other
hand it may simply signal that the assumptions of the
experimental or theoretical analysis are inappropriate
at some stage. It is this latter possibility that is inves-
tigated in the present paper.

Specifically, in this paper we describe what we be-
lieve is an entirely realistic analysis of these recent
Nb3Sn tunneling data, based on a proximity junction
model ' which seems appropriate for Nb3Sn-Pb junc-
tions of the type reported in Ref, 3. This analysis
permits a greatly improved description of the data
and leaves minimal doubt that a satisfactory descrip-
tion of the superconductivity of Nb3Sn is possible
within the conventional framework of strong
electron-phonon coupling theory. We obtain parame-
ter values for Nb3Sn of A. =1.8+0.15 and p, '=0.16
+0.03, describing electron-phonon and Coulomb ef-
fects, respectively. Hence, we conclude that the tun-
neling results of Ref. 3, in spite of some complica-
tions, do not require the occurrence of other than
electron-phonon coupling in the superconductivity of
Nb3Sn.

The basic assumption of the present analysis is that
a thin (10—50 A) proximity layer of weakened super-
conducting properties exists on the Nb3Sn electrode
surface. This slightly alters the measured tunneling
conductance in such a way as to give, with conven-
tional data inversion, parameter values which do not
correctly reflect the bulk electrode superconducting
properties, and may thus appear as anomalous. The
first application of such an analysis was to thermally
oxidized Nb tunnel junctions. ' The connection
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between weakened superconductivity in oxidized sur-
faces of Nb and V and observation of proximity ef-
fect anomalies in tunneling characteristics had earlier
been emphasized by Shen. '0 The origin of the prox-
imity layer on the present Nb3Sn junctions is not
known with certainty and is likely to be different than
in the case of thermally oxidized Nb, hence the ori-
gin of the proximity layer in niobium will not be fur-
ther discussed here. Of primary relevance to the
present discussion, however, is that application of the
proximity analysis to the Nb cases~ " has given a
working understanding of the consequences (in-
dependent of its origin) of a thin and diffusely
scattering surface proximity layer on the inversion of
tunneling data. [It should be said that the first two
authors of Ref. 11 still assert, on the basis of vari-
ous types of surface treatment (Refs. 4 and 18) that
the A. and p,

' parameters of Nb are genuinely
anomalous. ] Further, the proximity theory has been
successfully applied to intentionally formed proximity
junctions on Nb-, ' N1075Zr025-, and V-based' ' elec-
trodes. Thin layers of AI were deposited in measured
amounts (dn = 25—50 A) and subsequently oxidized,
leading to well understood A120„barriers; the
analysis in these cases benefits from the fact that the
proximity layer composition and thickness are more
certainly known than in the cases of Nb, 4 5 and
N13Sn. 3

Although the thermal oxide of Nb3Sn appears to be
suitable for tunnel barrier formation, '4'5 the in-
herently high sensitivity of T, in Nb3Sn to degrada-
tion by nonstoichiometry. and/or disorder, as is likely
to occur in the first few atomic layers below any real
surface, suggests that the proximity junction model
may be relevant for Nb3Sn junctions as well. An
even more compelling reason may be the accumulat-
ing evidence ' that the procedures used in the fabri-
cation of the Nb3Sn junctions reported in Ref. 3 may
have led to an excess of Sn on the surface that was
subsequently oxidized to form the tunneling barrier.
A Sn-rich layer of depth up to -100 A is consistent
with Auger and electron microprobe studies' of the
N13Sn and also with Fiske modes measured in similar
N13Sn-oxide-Pb Josephson tunnel junctions from
which a dielectric constant close to that of SnO2 can
be deduced. "

The procedures for applying the proximity junction
model and the effects of a surface proximity layer on
the conventional tunneling data inversion to provide
a'F (i»), A. , and tt,

' have been described previous-
ly. In the model the pair potential in the weak-
ened surface layer of thickness dn ( g is assumed to
take a spatially constant value h~ much smaller than
the bulk superconductor value h, s, to which the pair
potential discontinuously rises at the NS interface.
The consequent interference effects which occur in
the surface proximity layer have been analyzed and
the corresponding tunneling density of states at the

1 + 1 2y/I R g l 4dF.

where the two undetermined parameters are d/Vr"
and d/I.

Turning to the data reported in Ref. 3' (specifically
those shown in Figs. 1—4 of that paper) we note (see
Fig. 1) that these behave9 in conventional reduction
in a fashion similar to the oxidized-Nb data, 'I giv-
ing a characteristic positive offset of the calculated
value of ir/o. acs —1, with a. = (d1/dV)s/(dl/dV)N,
relative to the experimental quantity, along with

unexpectedly small values of A. and p. . Note also
that there is evidence in some of the I - V data' of a
"knee"'0 at a bias just above the sum of the (coun-
terelectrode and Nb3Sn) energy gaps he+ i4, which
is characteristic of a proximity layer. In this cir-
cumstance the identification of 5&+hs as the center
of the current rise is believed to underestimate the
sum gap dc+ ~s-'9'20

Expt. Nb3 Sn 76.25 68——calc. conventional ),= 0 74
calc. proximity X= l.78.
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FIG. 1. Experimental and calculated reduced conduc-

tances from Nb3Sn junction 76.25 6B of Ref. 3, here
reanalyzed, taking dk =3.3 meV, and adopting a proximity
model for the junction (see text). Slight scatter in experi-
mental data points below 8 meV, here omitted, leads to
some noise in the 8-meV peak in cr F(co), Fig. 2, which
negligibly affects quoted parameters.

oxide interface evaluated. Scattering events in the
proximity layer are characterized by an effective
mean free path I. In the limit that d~ is small and I
sufficiently large, the contributions of A„(E) sub-
stantially cancel out of the density of states expres-
sion. Hence, a useful approximate application of the
model is to assume hit (E) = 0.'9 In this case the
tunneling density of states is given approximately, for
E ))h„as

1

a(E) —= .dl dl
dV s dV

w
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FIG. 2. The effective phonon spectrum cx F(co) for
Nb3Sn, obtained by reanalysis of tunneling data of Ref. 3.
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Figure 1 shows the experimental reduced conduc-
tance a/macs —1 for Pb-Nb3Sn junction number
76.25 6B as a solid line. The dashed and dash-dot
lines, respectively, show the calculated quantity after
conventional and proximity model inversions, taking

Nb s„=3.3 meV. The conventional inversion

(dashed) corresponds closely to that obtained in Figs.
3 and 4 of Ref. 3, here giving P =0.74 and

p,
'= —0.11. The large positive offset is characteristic

of a proximity junction with diffuse scattering, re-
duced conventionally. 9 The proximity inversion
(dash-dot line) manifestly yields a superior, but not
perfect, description of the data. The gap parameter
in both cases in Fig. 1 corresponds closely to the ex-
perimental gap value, 3.25+ 0.1 meV, which, as we

have noted, may be a slight underestimate in a prox-
imity case. In the proximity inversion we have
chosen d~/ Vr' = 47 x 10 '6 sec and d/I = 0.13, and
have made the approximation A~ =0. The corre-
sponding n F(co) function is shown in Fig. 2, and

corresponds to A. =1.78 and p,
"=0.167.

Returning to Fig. 1, we emphasize that a necessary
condition for an accurate and self-consistent determi-
nation of parameters from an inversion of tunneling
data is that the calculated and experimental reduced
conductance agree. Because of the nature of the
inversion procedure, there exists a range of values
for d/I and d/ Vr' which yield a good fit of the con-
ductance data up to the maximum energy where
a'F (co) is determined. However, proper determina-
tion of the parameters requires agreement with the
conductance data over the full energy range, i.e. , to
energies beyond this cutoff in a'F(cu) We find .upon
examining the data within the field of d~/ Vr' and dz/I
values that a well-defined minimum in rms deviation
(over the full energy range) of calculated versus mea-

sured reduced conductance exists near dz/ Vr' =47
x 10 '6 sec, d/I =0.13 and agreement to 2 x 10 ' has
been achieved. It is important to note that only
those values of d~/ VP and d/I determined in this
fashion yield an o.'F(co) spectrum with a high-energy
tail which goes to zero at the same energy as F (cu).
The calculated T, is 16 K, in reasonable agreement
with the observed value of 17.5 K. Allowing for our
approximate treatment of A~ the overall accuracy of
A. and p,

'
is estimated at +0.15 and +0.03, respectively.

II. DISCUSSION

The nature of the proximity layer is not known
with certainty, but presumably is either a layer of Sn
or a layer of Sn-rich and possibly disordered Nb3Sn.
In the former case a Fermi velocity Vq = 2 x 10'
cm/sec is likely, corresponding to d~ = 65 A, which
is not unacceptable in light of the other information
available about junctions of this type. '' If the layer
is really Nb~Sn, ~hose V~ is smaller, " the d/v value
would be proportionately reduced, which is also quite
acceptable. At the same time, we cannot entirely rule
out the possibility that the oxide contributes in some
way to the proximity layer, as appears to be the case
for Nb.

ln comparison of the n'F(cu) function of Fig. 2
with that obtained by conventional analysis (Fig. 4,
curve B, of Ref. 3), three changes are noteworthy.
The scale of the function is increased, leading to
values of h, —= 2)t u'(co)F(cu)d(inca) increased from
0.8 to 1.8. This occurs with a change of'shape such that
the high-energy region is enhanced relative to the low-

energy region. The high-energy cutoff is now 34+ 1

meV, to be compared with 28 meV obtained in Ref.
3, The present cutoff is in good agreement with that
of the related neutron scattering function G(cu)."
While agreement on the cutoff of the three related
functions n'F (co), F(cu), and G (cu) is necessary, a
detailed agreement in shape is not necessary. In par-
ticular, as explained in Ref. 22, G(cu) is expected to
be distorted with respect to F(cu) because the
relevant neutron scattering cross sections of Nb and
Sn differ substantially.

The moments of the present, improved, n'F(cu)
are of some interest in connection with theoretical
calculations of the thermodynamic properties of su-
perconducting Nb3Sn. ~'~4 These are cu~„= exp( inca)
= 10.8 meV, (co~) =226 meV', and (r0) = 13.1 meV.
Our results are also relevant to recent, attempts ' to
explain the superconductivity of Nb3Sn, and in partic-
ular the tunneling data, ' by going beyond the
electron-phonon mechanism. While our results may
not directly disprove such possibilities, it is clear that
the present improved analysis of the tunneling data
leads to parameters adequately describing the proper-
ties of Nb3Sn within the conventional assumption of
electron-phonon coupling.
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