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High-quality tunnel junctions have been fabricated on thin films of 415 Nb-Sn (20—25 at. %) us-
ing oxidized a-Si tunnel barriers and Pb counterelectrodes. These junctions have been used to mea-
sure changes in the gap, the transition temperature T, and the tunneling density of states with com-
position in this important high-T, superconductor. With the use of the proximity-effect-modified
data reduction scheme developed by Arnold and Wolf, values for a’F(w) and u* are obtained. As
the Sn content approaches stoichiometry, the lowest-energy phonon branch in a®F(w) both increases
in weight and shifts to lower energy. These two effects combine to produce the increases in A as
stoichiometry is approached, and at the same time can account for the observed increase in
2A/kpT,. The values of u* remain essentially constant as a function of composition, and hence
show no evidence for an increased Coulomb interaction with increasing disorder as recently pro-

posed by Anderson et al.

I. INTRODUCTION

The superconducting properties of the high-7, A15
compounds are in general a strong function of composi-
tion, with both the critical temperature 7, and the energy
gap A increasing rapidly as either stoichiometry or the
A15 phase boundary is approached.!™ The origins of
these changes can be investigated using electron tunneling
spectroscopy as a probe of the microscopic superconduct-
ing parameters of these materials.® However, until recent-
ly tunneling studies on A15 transition-metal compounds
have not been successful due to the difficulty in obtaining
high-quality tunnel junctions on well-controlled samples.

This situation has been greatly improved by the use of
vapor deposition techniques to fabricate uniform thin-film
samples, and the success of thin oxidized overlayers as ar-
tificial tunneling barriers. Junctions made using these
techniques have been of sufficiently high quality to per-
form quantitative tunneling studies on Nb-Al (Ref. 2) and
Nb-Ge (Ref. 3). In this paper we report on the results of a
systematic study of the superconducting properties of the
A15 Nb-Sn system (20—25 at.% Sn). These data
represent the culmination of our tunneling study of the
Nb-Sn system begun by Moore and co-workers."’

II. SAMPLE PREPARATION

The samples used in this study were deposited onto
heated (~800°C) single-crystal sapphire substrates using
the electron-beam codeposition system developed by Ham-
mond.® Samples covering the entire 415 composition
range were made in a single deposition by using the gra-
dient in composition inherent in evaporation from two
separated sources. In a typical deposition, 500 nm of Nb-
Sn are deposited at a rate of ~2 nm/sec in a vacuum
(during deposition) of ~1x10~7 Torr. After cooling the
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samples in vacuum, a thin (2—3 nm) overlayer of a-Si is
deposited. Upon exposure to air (~24 h) this layer oxi-
dizes to form a reliable tunneling barrier.’ The junction is
completed with a Pb counterelectrode. Details of the
deposition parameters necessary to form optimum materi-
al and high-quality junctions have been reported else-
where.!® All the samples to be discussed in this paper are
listed in Table I with their deposition conditions, compo-
sition, and inferred superconducting parameters. Table I
has been organized by gap as this has proved to be the
most consistent parameter for characterizing a sample’s
superconducting properties.

III. TUNNELING RESULTS

Figure 1 shows a series of current-voltage (I- ¥) charac-
teristics typical of those used in this study. These junc-
tions have very low leakage current at zero-voltage bias
(typically <0.5%), indicating that the conduction is al-
most entirely by tunneling. There is some excess conduc-
tion (typically 4—9 %) below the sum of the gaps, with an
S-1I- N-like (superconductor—insulator—normal-metal) on-
set at the Pb gap (1.3 mV).1° In all junctions studied the
gap structure (Any.sn+Apy) is quite broad, so that the sin-
gle gap value assigned each junction has been operational-
ly defined as the inflection point in the I- ¥ curve.

For each junction the critical temperature of the ma-
terial being probed by tunneling (typically only the top 10
nm) can be determined by measuring the temperature at
which all gap structure disappears from the zero-bias con-
ductance, TE. (It has been found!® that T5% is always
within a few percent of the inductively measured transi-
tion for the sample, T4.) However, the temperature
dependence of the zero-bias conduction differs from the
calculated behavior of an ideal junction in a manner
which strongly suggests that the majority of the material
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TABLE I. Important physical and superconducting parameters for samples in this study.

Deposition
Sample A T TP Nominal temperature p(T. )P

no. (meV) (K) (K) at. % Sn* °C) wQcm) A {(w?) w*(@ph)°
1 3.30 17.0 17.4 25.5 880 5.6 1.63 231 0.14
2 3.25 16.9 17.3 26.7 765 27 1.75 201 0.14
3 3.20 17.1 17.4 25.6 770 11 1.70 203 0.15
4 3.03 16.0 16.7 25.7 765 33 1.51 229 0.13
5 2.80 15.5 16.2 24.1 880 16 1.35 246 0.12
6 2.73 15.0 16.3 249 765 45 1.37 251 0.13
7 2.63 14.9 159 25.6 780 22 1.31 224 0.11
8 2.30 14.0 15.2 24.5 765 48 1.23 257 0.13
9 2.28 14.2 15.2 24.8 780 24 1.29 236 0.14

10 1.85 12.1 14.0 24.0 765 54 1.19 249 0.14

11 1.85 11.3 12.0 224 880 29 1.13 234 0.12

12 1.57 10.4 13.0 232 765 62 0.98 278 0.12

13 1.49 d 12.2 234 780 30 0.98 274 0.14

*Nominal Sn percentage are likely ~1 at. % high. See Ref. 10.
Resistivity just above T.

u* defined at the phonon cutoff frequency p, as in Ref. 27.
dInsufficient data to calculate T5.

sampled by the tunneling electrons has gone normal (or
gapless) at a temperature T lower than 75,1011

Figure 2 shows T as a function of gap for the samples
used in this study. For a given gap value, Ts is found to
be insensitive to the deposition conditions used to make
the Nb-Sn. In contrast, T2 varies over a wide range for
the same samples, as shown by the shaded region in Fig.
2. Note that TF falls outside the BCS weak-coupling
limit for the low-gap material, corresponding to values of
2A/kp TE® below the BCS limit. (A similar depression of
2A/ky T, below the BCS limit has been observed in other
A15 superconducting compounds.>3) In Nb-Sn this prob-
lem does not occur if T, is chosen as the appropriate
transition temperature for the gap value of the junction.
The difference between T, and T#® may simply reflect

DEPOSITION TEMP = 765°C
SAMPLE GAP

2 3.25
a4 3.03
6 2.73
8 2.30 SAMPLE
10 1.85 NUMBER
2 1.57

CURRENT (ARBITRARY UNITS)

1
o I - 3 4 5 6 7
App  VOLTAGE (mv)

FIG. 1. Current-voltage characteristics for samples from one
deposition. Sample numbers refer to Table 1.

imperfections at the surface of the material. However,
heat-capacity measurements on similar samples show a
broadened bulk transition as well.”> The origin of this
problem in Nb-Sn and other high-T, A15 compounds is
not gllly understood and is currently under investiga-
tion.

To obtain information about the microscopic supercon-
ducting parameters in this material, the differential con-
ductance o(V)=(dV /dI)~' was measured for each junc-
tion using a standard harmonic-detection technique.'*
The superconducting-state conductance og(¥V) (at T=1.4
K) of the Nb-Sn was measured with the Pb counterelec-
trode driven normal by an applied field (~0.1 T), and the
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FIG. 2. Dependence of the junction transition temperature
T¥ on the gap. Shaded area represents the range of values ob-
tained for TP (the maximum 7T,) for the same samples.
Dashed line is the BCS limit A=1.76kpT.,.
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normal-state conductance oy (V) measured by raising the
temperature above 7, (Nb-Sn). The tunneling conduc-
tance

Us(V)
UN(V)

was corrected for the small excess conductance found
below the gap, and then used as the tunneling density of
states (TDOS) in the McMillan-Rowell (MR) program'®
for inverting the Eliashberg equations to obtain the
electron-phonon coupling spectrum a*F(w) and the renor-
malized Coulomb potential p*.

The results from the MR program have several
anomalies. As shown by the dashed line in Fig. 3 for a
stoichiometric sample, the MR-calculated TDOS (plotted
as the deviation from the BCS density of states) deviates
strongly from the experimental curve (solid line) in overall
magnitude and shape at high energies. The resulting
a?F () is much smaller in magnitude than expected, and
typically u* must be made negative to reproduce the mea-
sured gap. Finally, the calculated phonon cutoff energy
does not agree with the measured value.

All of these anomalous features have been found previ-
ously in transition-metal tunneling results, including
Nb;Sn."71¢17 To explain these features, Arnold'® sug-
gested the presence of a thin normal layer at the surface
of the superconductor, corresponding to an SN-I-N !
(superconductor/normal—insulator—normal-metal) prox-
imity effect tunnel junction. Wolf et al.'” showed that in-
tentionally made SN-I-N' junctions reproduce all the
above features and that a modified McMillan-Rowell
(MMR) program can be used to extract corrected a’F(w)
and u*. The modified program introduces two new pa-
rameters to account for the normal layer.!

Owing to the similarities between our tunneling density
of states and those found by Wolf and Arnold, and be-
cause of the tendency of the 415 superconductors to be
either A-element or B-element rich at the surface when
slightly oxidized,?’ we have used the MMR-data reduction
scheme for our Nb-Sn junctions. Since the origin and na-
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FIG. 3. Comparison of the experimental tunneling density of
states (plotted as the deviation from the BCS density of states)
to the calculated TDOS obtained from the standard (MR) and
proximity-modified (MMR) inversion analyses. Proximity pa-
rameters used were R=7.0 (ueV) and d /1=0.060 (see Ref. 19).
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ture of this proximity layer is unknown for our samples,
we use the two proximity-effect parameters as fitting pa-
rameters to minimize the difference between the experi-
mental and calculated TDOS. In this fitting we also use
the constraints that the calculated TDOS correctly repro-
duce the observed cutoff energy and phonon peak loca-
tions as determined experimentally from dog(V)/dV."

The use of the MMR procedure greatly improves the
agreement between the calculated (dotted-dashed line in
Fig. 3) and the experimental TDOS, although there is still
a deviation of ~2% with the “best fit.”” While the prox-
imity parameters (as well as the value chosen for the gap)
affect the overall magnitude of a?F(w), both the shape of
a?F(w) and the location of the phonon peaks are quite in-
sensitive to these parameters over a reasonable range of
values. The effect of this procedure and the method used
to select the proximity parameters are given elsewhere.!!

Figure 4 shows a’F(w) spectra for three different com-
positions (and gaps) of Nb-Sn. The dashed curves at low
energy show where the measured a’F(w) have been re-
placed by a Debye-type spectrum (~w?) due to the unreli-
ability of the low-energy data.!* As the composition ap-
proaches stoichiometry, a’F(w) undergoes two distinct
changes. The overall strength of a?F(w) increases, with a
marked increase in the relative weight of the lowest-
energy phonon branch. At the same time there is a mono-
tonic decrease in the position (energy) of this lowest
branch. These two factors combine to produce a large in-
crease in the electron-phonon coupling constant

)»=2f[dcua2F(co)/a)] ,

and a corresponding decrease in the weighted average-
phonon frequency. These changes are shown in Fig. 5,
which plots A and

(0*)=2/0) [ doa’F(o)o

S
LO - SAMPLE  Ag(meV) 1010
osf 18 2-3 Hoos

= L

3 —40.06 @

w E

N —

o Joos 3

(O]
Jo.02
Jo

o0 10 20 30
ENERGY (meV)

FIG. 4. Electron-phonon spectral function ¢?F(w) for three
samples representing the full range of gap values studied. Sam-
ple numbers refer to Table 1. The Debye-type spectrum as-
sumed at low energy is shown as the dashed lines. The solid line
shows the phonon spectrum G(w) obtained from neutron
scattering (Ref. 23) for stoichiometric Nb;Sn, normalized to the
peak height of the stoichiometric tunneling sample.
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FIG. 5. The superconducting parameters u*, A, and (®*) de-
rived from the MMR program plotted vs the gap for all samples
in this study.

versus gap for all junctions studied. Also shown are the
u* values obtained from the analysis. -

IV. DISCUSSION

A shift of the lowest-energy phonon branch to lower
energy, or “mode softening,” has also been previously
found in the A15 compounds Nb-Al (Ref. 2) and Nb-Ge
(Ref. 3), and may be a general property of the high-T,
Nb-based A15 superconductors. The importance of mode
softening and the relative roles of the average phonon fre-
quency and the electronic band density of states in these
high- T, materials have been discussed by Kwo et al.*! In
the Nb-Sn system the band density of states has been pre-
viously found (from the critical field??) to increase by
about 25% as stoichiometry is approached. In this work
we have found that (®?) decreases by about the same
amount. Thus from the point of view of the analysis of
Kwo et al., for Nb-Sn both of these factors are needed to
account for the observed increase in A and the correspond-
ing increase in T, with composition.

The observed increase in the overall strength of a’F(w)
with increasing Sn concentration probably represents an
enhancement of the electron-phonon coupling constant a?
[since F(w) is a normalized quantity]. In addition, the
relative increase in the weight of the lowest-energy pho-
non branch suggests that the change in a*(w) is not ener-
gy independent, but is largest at low energies.

For stoichiometric Nb;Sn it is possible to compare
a*F(w) to the generalized phonon distribution function
G (w) obtained from inelastic neutron scattering on a
powdered sample?* as shown by the solid line in Fig. 4. In
Fig. 4 G(w) has been scaled to match the maximum
height of the stoichiometric tunneling sample. The two
spectra agree well in phonon peak location and cutoff en-
ergy, although the lowest-energy branch occurs at a
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slightly lower energy in the tunneling sample than in the
neutron data sample. The relative intensities of the peak
heights suggest that a*(w) is a monotonically decreasing
function of energy, as proposed by Appel and Kohn?* for
transition-metal alloys.

The effects of changes in the relative weighting of
a’F(w) on T, and gap have been calculated as functional
derivatives by other workers. Bergmann and Rainer®
found that T, is most sensitive to increases in a’F(w) at
w=8kyT, (~12 meV for Nb,;Sn), while Mitrovic et al.2®
found that A is most sensitive at half this energy, or
w=4kgT,. Thus for Nb-Sn the increases in the lowest-
energy phonon branch (w=_8—10 meV) occur at nearly the
optimal energy to enhance both 7, and A, while the mode
softening near stoichiometry changes a’F(w) in such a
way as to increase A relative to T, as is observed in the
increase in 2A /kg T, with Sn concentration.

Finally, the inversion of the Eliashberg equations also
produces values for the renormalized Coulomb potential
u*. Unfortunately, u* is most sensitive to the low-energy
values of the TDOS. Since these values are very difficult
to measure accurately, the resulting u* in general have
also been considered not fully reliable. However, it is pos-
sible to check the self-consistency of the proximity-effect
modified solution by using the a’F(w) and p* to calculate
TS from the Eliashberg equations. The value of u*
found by the MMR program is scaled to the (arbitrary)
cutoff energy chosen for the integration, and must be re-
scaled as described by Allen and Dynes?’ to perform this
calculation. Once this is done, the resulting values of
TS agree to within better than 2% with the value Ty
(not T%%P) measured for the sample. While the calculation
of the correct T, does not confirm the appropriateness of
the proximity-effect model, it does at least indicate that
the modifications have not disrupted the self-consistent
nature of the solution. Moreover, the very close agree-
ment between T2 and T, supports the identification of
T as the appropriate critical temperature for the gap
value assigned the junction.

While the exact reliability of these u* values is not
known, qualitatively it is seen (Fig. 5) that u* remains
essentially constant for all samples in this study. In par-
ticular, there is no evidence for a large increase in p* with
resistivity (disorder), as has been proposed by Anderson
et al.,”® to explain the “universal” degradation of T, with
resistivity in this class of materials. Instead, the observed
decrease in A is sufficient to account for the decrease in
T,. Whether this result reflects a failure of strong-
coupling theory to interpret the data for these high-
resistivity materials is not known. It is hoped that the
availability of detailed information about the microscopic
superconducting parameters such as given here will allow
more careful testing of the current theories of these pre-
mier high- T, superconducting materials.
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