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Single-particle (Giaever) tunneling has been performed on 415 NbjAl thin films with good-
quality junctions formed by oxidized amorphous-silicon barriers. The tunneling measurement is
used as a diagnostic probe for assessing the material properties of NbyAl, including changes in
the progressive film growth. The electron-phonon spectral function o?F (w) and related physical
parameters are generated by the proximity-effect inversion analysis of the tunneling density of
states. We find that Nb3jAl is a strong-coupled superconductor with 2A/kgT.= 4.4 only when
the composition approaches the 415 phase boundary (24 at.% Al). A difference in the low-
frequency behavior of a2F(w), observed between two junctions of different coupling strength,
strongly suggests the importance of a mode softening mechanism, and implies that the average
{w)’s are rather sensitive to composition, or perhaps disorder. The lattice of NbjAl being
softer than Nb3Sn and V;Si contributes significantly to the large A and the high 7, of Nb;AlL

I. INTRODUCTION

The high-transition-temperature 415 superconduc-
tors are of continuing interest in terms of both their
basic properties and their technological applications.
The two canonical A15 compounds V;Si can be grown
as stoichiometric and ordered single crystals from
which well-characterized samples can be obtained.
Numerous physical measurements and theoretical
model calculations have advanced the understanding
a great deal in the past. It is generally agreed that the
existence of a high density of states with a sharp peak
near the Fermi level plays an essential role in the
high-T, superconductivity and some normal-state pro-
perties.! Electron tunneling into all the 415’s, the
most direct probe of the microscopic superconductivi-
ty, however, has been difficult for two reasons.

First, the native oxides of many transitional metals
and compounds usually do not form good insulating
tunnel barriers and lead to poor tunnel characteris-
tics. Second, the very short coherence length of the
A15 compounds requires maintaining the proper su-
perconducting structure within a few atomic layers of
the surface in order to obtain good tunneling. Re-
cently, advances in electron-beam coevaporation to-
gether with improved methods of barrier formation
have made possible high-quality tunnel junctions on
Nb;Sn (Refs. 2 and 3) and V;Si.2

Another class of 415 compounds, including Nb;Al,
Nb;Ga, Nb3Ge, and probably Nb;Si can be prepared
under some nonequilibrium conditions as the highest
T. superconductors known. The metastable character
of the 415 phase in this class of materials demands a
good understanding and control of the sample
preparation method and requires the use of some un-
conventional synthesis techniques. Physical measure-
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ments*® on the available samples in this metastable
class have for some time shown results conflicting
with the models used for V3Si and Nb;Sn, suggesting
the possibility that a different source is responsible
for the high 7,’s.*® However, the definite evidence
of inhomogeneities in composition and phase which
exist to varying degrees in many of these materials,
as shown by the broad transitions in the heat-capacity
measurements,*> weakens the above assertion and
leaves the issue unsettled.

Nb;Al serves as prototypical example for the above
difficulties and, as the least unstable member of this
class, has the best prospect of improved understand-
ing. Although the high 7, is achievable by bulk
metallurgical techniques, the very limited tempera-
ture range over which the stoichiometric composition
is approached makes the preparation of homogeneous
A1S samples close to stoichiometry unlikely.” Heat-
capacity? and magnetic susceptibility® measurements
on bulk Nb3Al show a low electronic density of states
at the Fermi level and temperature-independent
normal-state properties. In addition, the neutron
scattering function G (w) of Nb3Al obtained from
inelastic neutron scattering’ is representative of a
weak to medium coupled superconductor. Therefore
it appears difficult, within the conventional frame-
work of superconductive theory, to attribute the high
T. superconductivity of NbjAl to the same cause as
V3Si or Nb3Sl’1.

As an initial step in resolving the above controver-
sy and understanding better the mechanism giving
rise to the high 7,.’s in the metastable 415’s, we have
undertaken a comprehensive study of the properties
of Nb3Al. An investigation of the 415 phase equili-
briums and conditions for preparing homogeneous
thin films was first carried -out and described in Ref.

3230 ©1981 The American Physical Society



23 SUPERCONDUCTING TUNNELING INTO THE A15 Nb3;AI THIN . . . 3231

10. In the present work, we have studied the single-
particle (Giaever) tunneling into these well-
characterized Nb;Al thin films and obtained micro-
scopic parameters of superconductivity, including

A w®, and (w)’s. Based on our results, we discuss
the important implications and suggest an interpreta-
tion not based on a high density of states near the
Fermi level to describe the high 7. superconductivity
in A15 Nb;Al

II. EXPERIMENTAL PROCEDURES

The Nb;Al thin films were prepared by the
electron-beam coevaporation technique of Ham-
mond,'! in which the chemical composition and depo-
sition parameters can be well controlled. The op-
timum deposition conditions found in the earlier syn-
thesis work!? are at substrate temperatures from 950
to 1050 °C and deposition rates from 15 to 30 ,&o/sec.
The total film thickness is typically about 5000 A.
Sapphire substrates .of %-in. square were arranged in

the geometry with the row major axis either parallel
or perpendicular with respect to the line connecting
the Nb and Al sources. The former configuration
generates a compositional spread across a series of
substrates and the latter provides many samples of
nearly constant compositions.

For tunnel junction formation, the Nb;Al films
were cooled from the high-deposition temperatures to
below 100 °C within 20 min. Initially the barrier used
was the oxide mixture of Nb;Al formed by the ther-
mal oxidation in room air ambient for a few hours.
In later runs, oxidized amorphous-silicon barriers
were employed, because they were recently shown to
be successful on the transition-metal compounds V;Si
(Refs. 2 and 12) and Nb;Sn.2? Before breaking the
vacuum to atmosphere, a thin layer of amorphous sil-
icon was deposited onto the Nb-Al film surface at a
rate of 1.5 A /sec and at a substrate temperature
=<100°C. The sample surfaces were then oxidized in
the room air about 3—5 h. Finally, the junctions
were defined by hand painting a thin insulating layer
of polysterene Q dope, and completed by evaporating
Pb counterelectrodes.

III. RESULTS
A. Tunneling barrier properties

The first essential task in’'a tunneling experiment is
to form a reliable, insulating barrier. The Nb;Al
oxide mixture forms a medium-quality barrier by it-
self, exhibiting better tunneling characteristics than
those of Nb;Sn (Ref. 3) and V3Si.2 A 1—2-h thermal
oxidation gives-a junction resistance as high as
90—130 Q. As shown by the top /V curve in Fig. 1,
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FIG. 1. Current-voltage characteristics at 4.2 K of 415
Nb-Al (of 21.5 at.% Al) tunnel junctions with the thickness
of the a-Si overlay varying from 0 to 45 A.

the conduction at voltages below the sum gap is rath-
er substantial, resembling the characteristics of ther-
mally oxidized Nb junctions.!? 4 .

Employing a thin Si barrier about 10—20 A effec-
tively cuts down the excess conduction below the
sum gap to less than 5% and reduces the junction
resistance to about 1-5 Q, as illustrated by the 2nd
and 3rd curves in the same figure. Thicker Si over-
lays of 30 A or more result in less satisfactory tunnel-
ing characteristics and an exponential increase of the
junction resistance. In addition, a significant curva-
ture appears in the IV curve at high bias. The devia-
tion from the expected linear behavior is presumably
caused by unoxidized silicon which makes a more
complicated barrier.

Based on these observations of the distinct tunnel
characteristics for junctions made with and without a
thin Si overlay and of the exponential increase of the
junction resistance with Si thickness, it is inferred
that the tunneling is essentially through the oxidized
silicon barrier. Pinholes, if any exist, are blocked by
the very resistive native oxide of Nb-Al, and do not
contribute to the conduction substantially. This
result is in good agreement with a proposed model by
Rudman and Beasley'’ to describe the detailed prop-
erties of oxidized amorphous-silicon barriers.
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Furthermore, we find that Si barriers of 10—20 A
yield good-quality tunnel junctions routinely, and re-
latively independently of the oxidation procedure.
The junction resistance increases only slightly with
the increased humidity during oxidation. In contrast,
the oxide mixture of Nb;Al fails by oxidation in an
acetic acid atmosphere, which was shown to be favor-
able for oxidizing In (Ref. 16) and Nb;Sn.> The
robust and reliable reliable features of the Si barrier
permits using tunneling as a material diagnostic tool,
as described in Sec. III B.

Under similar deposition conditions used in prepar-
ing the silicon barriers, thin Al overlays of 10—-25 A
were tried as tunnel barriers and were not successful.
The excess conduction below the sum gap is not re-
duced, even with a rather large increase of junction
resistance into the k{} range. Since a thin Al overlay
deposited near room temperature rarely yields a uni-
form coverage, the pinholes are filled up by the less
resistive native oxide of Nb-Al. Tunneling is then
essentially through. the Nb-Al oxide, leading to un-
desired tunnel characteristics. Our results suggest
that an Al barrier could not be satisfactorily formed
free of pinholes without resorting to a thicker overlay
>60 A or using some special oxidation process.!’

B. Tunnel characteristics versus composition

It was found in Ref. 10 that depositions at the op-
timum substrate temperatures (~950—1050°C) yield
as ordered an A15 structure as allowed by the compo-
sition. In the single phase 415 region (~17-21.5
at.% Al), the transition temperatures ( 7,’s) are then
essentially a linear function of the Al composition.
Figure 2 shows the representative /V curves for a
series of Nb-Al—oxidized a -Si—Pb junctions from
one deposition at 950 °C in the composition-spread
configuration. In the single phase 415 region, the
energy gaps are found to increase monotonically with
the Al composition. Defining the sum gap
(Anp-a; +Apy) to be the voltage at the inflection
point of the rise of the gap, a maximum value of 3.5
meV near the phase boundary of 21.8 at.% Al is
reached. Since the cohegence length of the A15
Nb;Al is only about 30 A, there is a question as to
whether the superconducting properties exhibited by
the material near the surface, which the tunneling
probes, are representative of those of the entire sam-
ple. A useful check is to compare the inductively
measured transition temperature 7 of the entire
sample with the surface energy gap A, since
deteriorated superconductivity at the surface will give
values of 2A/kgT, less than the BCS value 3.53.
Values close to 3.5—3.6 are obtained for most Nb-Al
tunnel junctions except for the very Nb-rich samples
which exhibit a larger scattering in the T’ values.
The satisfactory correlation between the energy gaps
measured near the surfaces and the bulk 7.’s sug-
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FIG. 2. Current voltage characteristics at 4.2 K of a series
of A15 Nb-Al junctions obtained from a phase-spread depo-
soition at 950°C. The thickness of the a-Si overlay is of 15
A. The AlS phase boundary is at 21.8 at. % Al.

gests that homogeneous growth over the total film
thickness has been achieved in most samples.

For junctions of the single phase 415, the leakage
as measured by zero-bias conductance is indeed quite
small, about 10~ of the normal-state conductance,
indicating that a good-quality tunnel barrier is formed
by the oxidized amorphous silicon. However, nearly
all junction characteristics commonly exhibit an ex-
cess conductance, about 2—5% of the normal-state
conductance, above the Pb gap. This suggests a fi-
nite density of states inside the gap in the Nb-Al elec-
trode, even in the very Nb-rich 415 samples. This
normal-like material inclusion was also observed in
Nb3;Sn (Refs. 2 and 3) and V;Si,? yet the origin
remains unclear.

For the Al composition >22 at. %, the /V charac-
teristic deteriorates substantially, with a large conduc-
tion below the gap. Because of the reliability of the
Si barrier, we attribute such an excess conduction to
an additional amount of a normal phase in the Nb-Al
electrode. This is consistent with the x-ray-
diffraction analysis which shows an increasing con-
centration of the second phase Nb,Al.

The width of the gap increases toward the higher-
energy direction for junctions in the two phase re-
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gion. In some cases a second gap about 0.3 meV
higher can be resolved. A corresponding behavior of
the transition temperature is also observed; the max-
imum T, for a given phase-spread deposition occurs
in the samples which contain a slight amount of
second phase.

The very small zero-bias conductance is still main-
tained for junctions where the second phase is
present. This is consistent with the observation that
the film texture remains the same indicating no
dramatic change in the surface morphology and thus
continued good tunnel barrier formation.

C. Tunneling and self-epitaxial growth

Recently Dayem et al.!® have shown that the meta-
stable A15 phase becomes more energetically favored
in an epitaxial growth by interfacing with an underly-
ing ordered 415 substrate of a close lattice-constant
match. Such a stabilization method results in
suppressing the unwanted second-phase growth and
therefore extending the 415 phase boundary. In case
of the self-epitaxial deposition reported previously, !
this involves depositing nearly stoichiometric Nb;Al
films, which by themselves would be of two phase,
on top of the single phase 415 Nb-Al films of only
20 at.% Al. The beneficial results are extending the
A1S5 phase boundary to 1 at.% Al higher with a T,
enhancement about 2 K. The initial tunneling results
showed unexpectedly that the energy-gap values of
the epitaxial samples, which were grown as bilayers
of 0.5 um each, were no different from those of the
samples made without the self-epitaxial deposition.
Since overall T2’s of the epigrown samples are
enhanced by more than 2 K, the superconductivity
exhibited by the surface material appears to be
depressed. This situation is in contrast with the pre-
vious finding that a homogeneous growth can be
achieved in a conventional deposition.

To resolve this puzzle, we have carried out tunnel-
ing measurements on a series of self-epi-grown sam-
ples, of the same composition, but with a varying epi-
layer thickness. Since the tunneling experiment
probes the material only within a few coherence
lengths of the surface, any inhomogeneity in the
growth will manifest itself through the changes in the
IV characteristics with varying epilayer thickness.
The experiment was done by carrying out the self-
epitaxial deposition in the constant-composition
direction as shown in Fig. 3. The chemical composi-
tion is maintained nearly constant across the 10 sub-
strates of each row (4) or ¢B), while there is a com-
positional difference of about 1 at.% Al between (A4)
and (B) rows. By maneuvering the shutter during
the epilayer deposition, a gradual changé in epilayer
thickness was generated across the 10 samples of
each row. The tunnel junctions were then formed on
these film surfaces by the normal procedures.
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15& si

CONSTANT PHASE CONFIGURATION

FIG. 3. Configuration for the self-epitaxy deposition in
the constant phase direction at 950 °C. The epitaxial layer
thickness is vagying from zero at one end of the 10 sub-
strates to 675 A at the other end.

Figure 4(a) shows the /V curves obtained as a
function of the epilayer thickness d for (4)-row sam-
ples from one run at 950 °C. For d less than 45 R,
the junction characteristics (not shown) are more
complicated, probably as a result of the uneven film
coverage during the initial stage of the eQilayer depo-
sition. As d increases from 45 up to 90 A, the value
of the sum gap progressively increases from 2.5 meV
of the underlying substrates and reaches the full
value of 3.5 meV normally obtained in a deposition
without self-epitaxy. However, the energy gap con-
tinuoously rises above 3.5 meV as d is increased above
90 A. Note that the excess conductance below the
gap is rather small. In addition, the spread in the
gaps becomes narrower. A maximum value of the
sum gap oof 4.0 meV is reached at an epilayer thick-
ness 150 A. Furother increase of the epilayer thick-
ness above 150 A results in a gradual decrease of the
gap and an appearance of the ‘‘proximity knee’” just
above the rise of the gap, suggesting that the surface
progressively degrades from the underlying materi-
al.' Finally, the gap value stays constant as low as
3.5 meV for d at and greater than 480 A. It is clear
that an improved growth over only a finite thickness
less than 200 A can be sustained from a self-epitaxial
interface. Since the inductive 7, measurement
senses only the highest-7, layer of the entire sample,
a correct description of the overall material growth is
often obscured.

For the adjacent row-(B) samples of higher Al
composition, similar systematics of /V curve versus
epilayer thickness were also observed, as shown in
Fig. 4(b). The maximum enhanced gap, of 4.5 meV
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FIG. 4. (a) Current vs voltage at 4.2 K of a series of tunnel junctions on the (A4)-row self-epitaxial samples with epilayer
thickness  systematically increasing from 90 to 660 A. The composition of the epilayer is of 23 at.% Al (b) The same for the
(B)-row self-epitaxial sample. The composition of the epilayer is of 24 at. % Al.

for ttge sum gap, occurs at an epilayer thickness of
165 A. Thicker epilayer depositions yield a decrease
of the gap value and an increase of the excess con-
duction below the gap, due to the emergoing growth of
the normal phase NbyAl. For d at 660 A and greater,
the tunnel chracteristics are the same as those of a
two-phase composition obtained in a normal deposi-
tion without epitaxy.

Based on the above results, one can attribute the
enhanced energy gaps and 7,’s to an improved film
growth stabilized by an underlying 415 substrate.

For thicker films this enhanced growth eventually de-
grades and the structure relaxes back to that obtained
in a normal deposition. The possibility of a proximity
effect from the underlying lower- 7, substrates has
been estimated. In fact, such effect may account for
the systematic increase of the gap value from that of
the underl};ing substrates with the epilayer thickness
up to 165 A. The resultant depression in the mea-
sured 7, is estimated to be about 1 K.

D. Coupling strength versus composition

Collecting all tunneling data obtained from deposi-
tions with and without self-epitaxy, we plot in Fig. 5
the electron-phonon coupling strength 2A/kgT,, as a
function of the Al composition up to 22.8 at.%. The
data cover T,.’s ranging from 9.4 to 16.4 K and ener-
gy gaps (A’s) varying from 1.15 up to 3.15 meV.
The error bars are determined by the widths of the

T,.’s and the gaps. The Al composition is corrected
to be only of the 415 components?®; as necessary for
the slightly two-phase samples. For the data at 21.5
and 22.8 at.% Al, T,.’s are determined to be the tem-
peratures at which the gaps open. The Nb;3;Sn data
obtained in a similar fashion by Moore et al.? are
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FIG. 5. The variation with composition of the coupling
constant 2An,_a/kg T, and A2y, _s/kg T,. The data of
Nb;Sn are after Moore er al. (Ref. 2).
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plotted for comparison. It is found that ANbJA, is
more sensitive to the composition than is 7,. The
2A/kgT, ratio for A15 Nb-Al remains BCS-like for
the Al composition =<21.5 at. %, and rises rapidly up
to 4.4 at 22.8 at.% Al. Similarly, it has been found
that 415 Nb3;Sn becomes strong coupled only when
the composition approaches stoichiometry.

The origin of this dramatic change of the electron-
phonon coupling strength of Nb3Al with the composi-
tion approaching the 415 phase boundary is not well
understood. An insight can be gained from referring
to the analytical formula by Kresin er al.,?!

20/kgT.=3.53[1+5.3(T./wg)?In(wo/T.)] ,

which expresses the enhancement of the coupling
strength 2A/kg T, as an explicit function of the ratio
T./wg, where wy is a characteristic Einstein phonon
frequency. An analysis based on this formula shows
that a change in the 2A/kg T, ratio from BCS-like to a
value as large as 4.4 requires a substantial increase in
T,./wy. Since T, varies only modestly, from 14.0 to
16.4 K, the occurrence of phonon-mode softening,
i.e., a smaller wg, appears necessary to account for
the large increase in 7,/wp. The most direct proof of
this supposition is to examine the o?F (w) functions
obtained experimentally from tunneling densities of
states, as described in Sec. III E.

E. Tunneling density of states and a?F (w)

The dynamic resistance dV/dl as a function of the
bias voltage has been measured for several Nb-Al
junctions of importance. Data of the superconduct-
ing state were taken at 1.5 K with a magnetic field
~1 kG applied to quench the superconductivity in
Pb. Throughout the data reduction, a constant ex-
cess conductance, of about 2—5% of the normal-state
conductance, was subtracted out from both the su-
perconducting and the normal-state tunneling con-
ductance. The energy gap A was determined experi-
mentally with the aid of Bermon’s table.2 The re-
duced tunneling density of states R (@) = Negp(w)/
Ngcs(w) —1 was then calculated. Figure 6 shows
the R (w)’s for two particular junctions. One is a re-
latively weak coupled superconductor, with a T, of
14.0 K and a gap of 2.15 meV; the other is strong
coupled, of larger Al composition by 1.3 at. %, with a
higher T, at 16.4 K and a gap of 3.15 meV. A reduc-
tion in the magnitude of R (w) is found as the Al
composition is reduced, indicating a weakening in the
electron-phonon coupling strength. However, the
overall shapes of the two R (w)’s are rather similar,
and there is no dramatic change in the positions of
structures induced by phonons. Similar behavior is
found in the tunneling densities of states of Nb3Sn
junctions of different 7.’s and coupling strength.?

The electron-phonon spectral function a’F (w) has

0.06
i Al5 Nb-AZ
0.04 -+ TC =16.4 K
N seses TC = 14.0 K
E 0.02 - ‘...
a
O — XA AAAd
-0.02-
-0.04 1 | 1 L 1 | 1 1 1
0] 10 20 30 40 50

ENERGY (mv)

FIG. 6. Reduced tunneling density of states R (w) vs en-
ergy above the gap for the two Nb-Al junctions of 7.=16.4
K, A=3.15 meV and T,=14.0 K, A=2.15 meV, respectively.

been generated from the input data of R (w) and A
by the gap-inversion analysis for these two junctions.
The initial method employed was the conventional
McMillan-Rowell inversion program.?* For the junc-
tion with a 7, of 16.4 K and a A of 3.15 meV, that
analysis gives a value of only 0.6 for the electron-
phonon interaction parameter A and a negative value
~—0.10 for the effective Coulomb pseudopotential
w*. The calculated T, from these parameters is thus
less than 10 K. Perhaps the most unphysical result
using that analysis is that a high-energy cutoff of less
than 30 meV had to be imposed to prevent the itera-
tive solutions from becoming unstable. The structure
between 20 and 40 meV, as associated with the Al
phonons, was then left out entirely. Furthermore, as
shown in Fig. 7, there is a large positive offset
between the experiment and the calculated R (w)’s.
Similar problems have also been encountered in
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FIG. 7. The experimental and calculated tunneling densi-
ties of states R (w)’s from both conventional and- proximity
inversion analysis for the 415 Nb-Al junction of 22.8 at. %
Al with 7,=16.4 K and A=3.15 meV.
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the analysis of tunnel data of other transition metals
or compounds, such as thermally oxidized tunnel
junctions of Nb (Ref. 14) and Nb;Sn.» Recently the
modified McMillan-Rowell (MMR) inversion analysis
based on the model of proximity-effect tunneling,
proposed by Arnold?® and implemented by Wolf

et al.,?” has permitted an improved description, i.e.,
more self-consistent, of the tunneling data of such
Nb and Nb;Sn junctions within the conventional
framework of the strong-coupling theory.?®?° In this
model a thin layer of weakened superconductivity is
proposed to exist between the insulating oxide and
the base electrode, and it is characterized by a con-
stant pair potential A, << A; and a thickness of

d, << &.

It is plausible that a thin proximity layer exists
between the Nb3Al film and the a-Si oxide barrier. It
could possibly be caused by the exposure to the
residual gaseous impurities in the vacuum chamber
during the long period cooling from high temperature
before the Si overlay is deposited, or by the disor-
dered or compositional variation inherent in the
atomic structures near the surface. The evidence of a
““knee”’-like structure above the rise of current at the
sum-gap in the /V characteristic has been observed in
some Nb-Al junctions. Such a structure has been at-
tributed to a proximity layer.?

With no a priori knowledge about this promixity
layer, we approximate it with A, =0. The tunneling
density of states is then, as shown in Ref. 26, depen-
dent on two additional parameters, 2d,/fvf and d, /|,
where d,, vf, and [ are the thickness, the renormal-
ized Fermi velocity, and the mean free path of the
proximity layer, respectively. As shown in Fig. 7, the
proximity inversion yields a satisfactory agreement,
to within 2%, between the calculated and the experi-
mental R (w)’s with properly chosen parameters of
2d,/kvE~0.006 (meV)~!' and d,/! ~0.055. The cri-
teria used to determine these fitting parameters are
based on the requirement of generating a proper cut-
off at high-energy end in a?F(w) and in reproducing
the phonon-peak positions correctly. Furthermore,
this analysis gives acceptable values of A=1.7 and
w*=0.15, leading to a reasonable value for the calcu-
lated®® T.. The corresponding electron-phonon spec-
tral function o?F (w) is presented in Fig. 8 by the
solid circles. The resulting physical parameters and
the average frequency moments are summarized in
Table [. Taking the calculated (w,) as the charac-
teristic Einstein mode entering in the formula of
Kresin et al.,?' a value of 4.3 for 2A/kgT, is ob-
tained, in close agreement with the experimental
value 4.4.

For the other junction with a lower 7, of 14.0 K
and a smaller A of 2.15 meV, the proximity inversion
method again provides a better description of the
tunneling data. Good agreement betwen R (w)exp
and R (), to the same degree as for the previous
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FIG. 8. The electron phonon spectral functions a?F ()
for two Nb-Al junctions with 2A/kg T, of 3.6 and 4.4. The
data of the neutron scattering function G (w) are after
Schweiss et al. (Ref. 9).

junction, was achieved with similar values of the
proximity parameters. The resulting o’F (w) is
shown in Fig. 8 by the hollow circles. The overall
features of the o?F (w) functions of these two junc-
tions are quite similar, with a slight reduction of
about 10% in the o?F,, for the lower-T, one. How-
ever the strong-coupled and high-T, junction
shows a pronounced enhancement in the weightings
of the low-frequency phonons, leading to smaller
values of the frequency moments. In fact, the signi-
ficant reduction of A, from 1.7 to the 1.2 found for
the lower-T, junction, is mainly from the stiffening
of phonons; i.e., {w?) is larger by 20%. The a*F(w)
presently obtained is not completely determined by
the data because of the assumed w? dependence at
o <35 meV. Nevertheless, such parabolic fit at small
w does not affect in any sensitive way the quantita-
tive results of A, u*, (w)’s, and the correlation of
the enhanced low-frequency weightings in a?F (o)
with strong coupling. Thus our analysis of the tun-
neling data strongly supports the mode softening
mechanism previously supposed.

In the same figure, we also show the neutron
scattering function G (w) from the work of Schweiss
et al.’ Agreement with the cutoff energy and the

.structures at about 16, 25, and 36 meV, associated

with the Nb and the Al phonons, respectively, is
quite acceptable. However, a large discrepancy does
occur in the low-frequency portion of the spectrum,
particularly between G (o) and the a’F(w) function
for the higher-T, junction. A decreasing a(w) with
o for small  would result in a larger weighting® in
the low-energy portion of a?F(w). Nevertheless, the
uncertainty in the sample quality used in the neutron
work should be considered as well, since the agree-



0.065

(meV)~!
0.0055
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38

11.7

T, (K)©

(calc)

(w?)®
226

(meV)?2

(meV)
13.3

(w)®

oy
(meV)

0.13 £0.01 11.2

1.2 £0.05
1.7 £0.05
1.8 £0.15

(expt)

A (meV)
(expt)
2.15

T, (K)
(expt)
14.0 £0.2

TABLE I. A summary of the parameters from the proximity inversion analysis of two 415 Nb-Al junctions and one Nb3Sn junction.
16.4 +0.1

Composition
21.5 at.% Al
22.8 at. % Al

A15

Nb-Al
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ment between G(w) and o?F (w) is better with the

2 - lower-T, sample.
g S
IV. DISCUSSION AND CONCLUSION
~
S 3 A. Material diagnosis
S S
S S
The data and analysis presented in the previous
section show it is possible to conduct tunneling ex-
periments on the metastable 415 compound Nb;Al
o Q and thereby to gain insight into the fundamental
A mechanisms giving rise to the high-T, superconduc-
tivity. The two crucial factors in the success of this
o3 tunneling work are the reliable tunnel barrier formed
- - by the oxidized amorphous silicon and the well-
controlled thin-film synthesis of the material itself.
—_ 0 The employment of Si barriers has made routine the
= & fabrication of junctions with the desired characteristic
of low leakage conductance. One can then attribute
v — complicated current behavior or multiple gap struc-
= o tures observed in /V curves to the materials or
phases in the base electrode, rather than to an imper-
- o fect oxide barrier.
E The existence of structural inhomogeneities on ei-
ther a macro- or a microscale has been recognized in
~ many high-T, 415 compounds, both in bulk samples
2 S and in films. Special deposition techniques, such as
B gaseous doping?! or epitaxy'? can lead to enhanced
= = T.’s, but the thickness dependence of the enhance-

ment has been difficult to determine. The enhance-
ment due to the self-epitaxial growth employed here
for the A15 Nb3;Al has been shown by the tugneling
experiments to be maintained for about 165 A for a
deposition at 950 °C. Thus an explicit description of
the progressive film growth is achievable by experi-
ments with a series of junctions of a varying thick-
ness in the base electrode. Carrying out a similar ex-
periment on high-7. Nb3Ge thin films may shed light
on the role of the gas (oxygen) stabilization.?

A satisfactory description of the tunneling data of
Nb;Al has been obtained by the proximity inversion
analysis, as was done previously with Nb (Ref. 28)
and Nb;Sn.? For thermally oxidized Nb tunnel junc-
tions, the existence of a thin proximity layer at the
interface between Nb and the oxide barrier is related
to the complicated suboxides of Nb metal.’* Lacking
a reliable quantitative surface analysis on the Nb;Al
films, the exact nature of the presumed thin layer of
weakened superconductivity remains unclear. As
mentioned earlier, an excess conduction current
below the gap, about 2—5%, still exists even for the
best made Nb;Al tunnel junctions. In worse cases, a
‘““knee-like structure above the gap is often found for
junctions when the base material (Nb;Al) is deposit-
ed at high temperatures = 1000 °C. Taking a value
of about 2 x 107 cm/sec for the renormalized Fermi
velocity of Nb;Al 3 the thickness and the mean free

4.26

3.15
3.25

, see Ref. 30.

17.7£0.1

—1.04(1 +2)
A—p*(140.620)

25.0 at.% Sn

fdww_' lnmazF(w)]

2
A
exp

(w)
1.2

Al5
Nb-Sn

c

ax=2 fdww"laaF(w).
Peyog =€XP
dSee Ref. 21.
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path of this proximity layer are estimated to be about
3~5and 50~90 /i, respectively. It is important to
be aware that these values of the fitting parameters
are derived under the assumption of a zero A, and
are only approximates describing the interface
between the Nb;Al electrode and the oxide barrier.
The occurrence of a degraded, normal-like material in
the first few atomic layers below the surface appears
quite reasonable, considering the 7.’s of the high-T,
A15 class are highly sensitive to impurities, disorder,
and compositional variation. It is interesting to note
comparable values of the parameters 2d,/kvf and d,//
were used in the proximity inversion analysis for
Nb;Sn,?? as listed in Table I. The proximity layers
occurred in the cases of both Nb3Sn and Nb;Al could
be of the same origin although some evidence of a Sn-
rich surface in Nb;Sn junctions has been suggested.*
Advanced surface characterization techniques may
help to determine the nature of the proximity layer.

B. Strong-coupling and high-T,
superconductivity of Nb;Al

The tunneling data give ample evidence that high-
T. NbAl is a rather strong-coupled superconductor.
This result disagrees with the G (@) function from
the neutron work,? which is a representative of a
weak- to medium-coupled superconductor. The value
of the Debye temperature, about 300 K, which is
slightly larger than that of Nb;Sn, tends not to sup-
port the strong coupling either.*3¢ However, the
specific-heat measurement of Willens et al.* obtained
a AC/yT. of 3.5 by extrapolation for an ideally sharp
transition at 18.8 K. ‘Recently, Stewart er al. 3¢
remeasured the heat capacity of a bulk Nb;Al of an
improved quality and also suggested that NbyAl is
possibly even slightly stronger coupled than Nb;Sn.
These results are quite consistent with our tunneling
work considering that 2A/kz T, of Nb3Al should
further increase above 4.4 for T, > 16.4 K according
to the trend shown in Fig. 5. Furthermore, AC/yT,
can be estimated®’ from 2A/k; T. and indeed agrees
well with the value of 3.5.

It is found that the electron-phonon coupling
strength is strongly enhanced as the composition ap-
proaches the 415 phase boundary of 24 at.% Al for
Nb;Al Simple arguments based on the empirical for-
mula by Kresin er al.2! show that the occurrence of a
mode-softening mechanism is necessary to account
for the dramatic change in the coupling strength.
Indeed such lattice softening is confirmed by the
change in o?F(w) at low o in the two Nb-Al junc-
tions of different coupling strength. Since these two
sets of tunneling data were obtained by the same ex-
perimental techniques and analyzed by the same
inversion procedure, the observed change should be
meaningful. Recently Kimhi er al.*® have shown that
in crystalline Nb there is a relative enhancement of
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the low-frequency side lobe structures in o?F(w) as
the crystal structure becomes less ordered. Such
behavior suggests that the pronounced soft modes
observed in o?F(w) of high-7, Nb-Al could be relat-
ed to the incipient instability derived from the Nb
linear chains which are subject to substantial
compression.”® Furthermore, it has been found in
some simple metal alloys, such as Pb-Bi, that a soft-
mode mechanism results in the enhancement of A
and ultimately leads to structural instability and phase
disproportionation.*® This appears to correlate with
the case of Nb;Al as the composition approaches 415
phase boundary before disproportionating into the
two phases.

One important question yet needs to be answered:
what is the most dominant factor giving rise to the
high 7, in Nb3Al? In Table I, we have listed, for
comparison, the physical parameters for Nb;Sn ob-
tained from tunneling analyzed by the proximity
inversion method.?® Note that A and u* are compar-
able in NbjAl and Nb3;Sn; however, there is a signifi-
cant reduction of about 20% in (w?) and other fre-
quency moments of NbjAl. Heat-capacity measure-
ments*3® on bulk Nb3Al samples show a rather low
electronic of specific-heat coefficient y, only about
60% of that of NbsSn. Thus a larger (/2)/(w?),
partly resulting from the smaller (w?), is required to
compensate the lower electronic density of states at
the Fermi level in order to obtain A. By evaluating
the band densities of states from the critical field
measurements on NbsAl thin films, a more complete
analysis of determining the high- 7, superconductivity
from N(0), (/?), and (w?) has been carried out and
will be reported elsewhere.>* From the present study
we believe the important contribution of lattice
softening to the high 7, in the metastable Nb3;Al has
been well established rather than a large N (0) con-
ventionally used to explain the high 7, and normal-
state properties of V;Si and Nb;Sn.

Furthermore, we find that (w)’s change sensitively
with composition or perhaps disorder. Such changes
in (w)’s have not previously been considered in
modeling the rapid depression of T, with disorder in
A15 compounds.*! For the stable 415 Nb;Sn which
is known to have a large N (0), examining the trend
of the increasing coupling strength of NbsSn with the
Sn composition as shown in Fig. 5 and the qualitative
features in the corresponding R (w)’s of Nb3Sn junc-
tions?® suggests that there is likely an enhanced
weighting in o?F(w) at low  for the high 7, and
strong-coupling Nb3;Sn. Although the existence of a
large N (0) in case of the more unstable Nb;Ge has
not been resolved, the strong-coupling nature was
found*? and some less systematic data?® show the
similar enhancement of the coupling strength with
the increasing Ge concentration of the 415. It thus
seems to be generally true that there is a marked lat-
tice softening as a function of composition right near
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the metalloid limit of stability in the Nb3X high-T,
superconductors which must be of significance in
contributing to the high T..
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