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The tunneling spectroscopy of McMillan and Rowell is extended to vanadium, with the use of
clean and highly ordered structures of the form M -Al,03-A1/V. The Eliashberg function
o?F(E) is determined and leads to A =0.82 +0.05 and p}, =0.15 £0.03. These tunneling
results, the first available for V, indicate a smaller influence of paramagnon spin fluctuations in
suppressing superconductivity in vanadium than recently suggested, but do not rule out such ef-

fects at a level A; —0.1.

I. INTRODUCTION

The method of electron tunneling spectroscopy!-2
provides a means of determining in detail the origin
of superconductivity of a metal. Thus, one may ob-
tain the effective phonon spectrum, a?F(E), and
Coulomb pseudopotential, u*, which give rise to the
pair potential, A(E), and renormalization function,
Z (E), describing the superconducting state. This in-
formation permits calculation via the Eliashberg
strong-coupling equations,? of the transition tempera-
ture 7. and other physical properties of the supercon-
ductor. In the case of the conventional metal-
insulator-superconductor tunnel junction this analysis
proceeds from the measured normalized tunneling
conductance
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where / and V are the tunneling current and bias vol-
tage, respectively,

N7(E) =Re({|E|/[E*- A(E)* 1'%}, )
and f(E) is the Fermi function
f(E)=[1+exp(E/kT)]™ . 3)

The analysis entails numerical inversion of the
Eliashberg equations for the «*F (E) and u* which
generate the pair potential A(E) matching the data
through relations (1) and (2).

The 3d transition element vanadium, supercon-
ducting T.=5.4 K,* appears to be the only naturally
occurring elemental strong-coupling superconductor
whose a’F(E), Coulomb pseudopotential, u*, and

25

pair potential, A(E), have not been determined using
the standard tunneling methods. We emphasize that
the inherent, if usually weak, energy dependence of
the matrix elements o® makes the Eliashberg func-
tion o?(E) F(E) a quantity distinct from the phonon
density of states, F(E), usually available from neu-
tron scattering measurements.

There are several reasons for interest in a full tun-
neling spectroscopic study of vanadium. The most
obvious is the desire to complete tabulation of the
superconducting properties in the transition series.’
The nuclear scattering properties of vanadium are
such as to prohibit the usual detailed neutron scatter-
ing measurements of its lattice dynamics, although
estimates of F(E) are available from an inelastic in-
coherent neutron scattering technique.*’ From a
basic point of view, the possible depression of the su-
perconductivity of vanadium by fluctuations of 3d
electrons into local ferro- or antiferromagnetic align-
ment (paramagnons) is of recent interest.»® The par-
ticipation of this element in the superconductivity of
alloys (e.g., V1-,Tix) and 415 compounds such as
V,3Si and V3Ga is a further reason for interest in its
superconductive behavior.

The absence to date of a complete tunneling study
for V is attributable to severe technical difficulties in
making tunnel junctions with V in addition to the dif-
ficulty implied by the rather small size of the expect-
ed phonon structure in this case, |o/opcs— 1|
=0.0025.2 (This is about 710— of the magnitude of

phonon structure in the case of lead.) The fabrica-
tion difficulties arise from the oxidation behavior of
V, which forms several lower oxides of a metallic or
semiconducting nature,!” and from the rapid
deterioration of the superconducting parameters of V
with percent amounts of dissolved oxygen.!!
Attempts to make tunneling junctions using bar-
riers formed by thermally oxidizing V metal lead to
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excessively large leakage currents. Vanadium tunnel
junctions were fabricated by Noer!! by evaporating V
at room temperature onto prepared Al-Al,0;
electrode-barrier substrates, but these did not reveal
phonon-induced structure in the measured conduc-
tance o(¥). Improvement in this approach was re-
ported by Robinson and Rowell'? by cooling the Al-
Al,0; substrate to 4.2 K, but this did not yield an
a*F (E) function, possibly because of reaction of oxy-
gen adsorbed on the A1,0; with the first atomic
layers of deposited V. Other aspects of the surface
degradation problem in transition metal tunneling
have been reviewed elsewhere.!?

The present investigation has involved an ultrahigh
vacuum method of fabricating proximity tunnel junc-
tions of the form In-A1,03—Al/V on carefully recrys-
tallized V foil substrates. The remaining metallic Al
layer acts to isolate the previously cleaned V surface
from gaseous contaminants, leading to excellent tun-
neling spectra and essentially bulk superconducting

SUPERCONDUCTING TUNNELING STUDY OF VANADIUM

J

1. AME) 1. [As(E)—AN(E)]?
NT(E)=1+?Re % +—Re 2
A A -
+Re 2B S(EEZ) An(B)] exp(iAKdy)
with
AKdN=2_ZN(E)—dNE+,~ﬂ )
VFN [n

Here Ag(E) is the value of the S pair potential at the
NS interface. The N metal is described by the param-
eters dy, Z,(E), and Vgy which are the film thick-
ness, renormalization function, and Fermi velocity,
respectively. In order to account for any scattering
that might occur in the N layer or at the NS interface,
a phenomenological scattering length parameter /y
has been included. As AKdy —0 the terms contain-
ing Ay(E) cancel and one obtains
2
Nr(E) =1 +—;—Re-é-s(2—E) :

5 (6)

which is the bulk S metal result as expected. If the
properties of the N layer [Ay(E), Z,(E), d, and d//]
are known, then the data can be inverted to obtain
the superconducting properties of the .S metal by a
method similar to that used originally by McMillan
and Rowell.2

Because of the need to obtain the additional infor-
mation regarding the N layer, a characterization of
the superconducting substrate S basically requires two
junctions of the form C-I-NS having different
thicknesses, dy, of the N layer, here Al. The first
junction ideally has the minimum thickness dy con-
sistent with continuous coverage of the substrate S.
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properties for V. Since the experimental'*!S and
theoretical aspects!®!7 of the proximity electron tun-
neling spectroscopy (PETS) have been described else-
where, these will not be repeated in any detail here.
Because of the clean and highly ordered NS interfaces
produced by the present techniques, complications re-
cently noted in less ordered evaporated or quench-
condensed structures do not appear.'8-20

Briefly, a model of the NS sandwich is adopted in
which the pair potential rises abruptly from a small
value Ay(E) in the ““normal’’ metal to Ag(E) at
x =dy, where the thickness dy is assumed to be
much less than the bulk coherence length. The N
and S layers are assumed to be clean and in perfect
electrical contact. The tunneling density of states
presented by the N side of this structure has been
calculated exactly!® and forms the basis for our
analysis. The physical features of N7(E) are revealed
by its expansion, valid for energies E >> Ag, Ay (the
phonon energy range). This is

exp(2iAKdy)

4

[

With our ultrahigh vacuum methods and consequent
atomically clean substrates this minimum dy is in the
range 20 to 30 A. In order to determine the N-metal
pair potential Ay(E), a second junction of larger dy
and consequent larger contributions to N7(E) in the
phonon range of metal N must also be studied. The
details of the procedures used to determine Ay (E)
have been given in Ref. 17. It is important to realize
that if the first junction has sufficiently small dy, the
influence of Ay(E) is small and in the nature of a
correction. Thus the accuracy required in determina-
tion of Ay(E) need not be as great as in determining
properties of S.

The objective of the present paper is to abstract
from an extensive study of Al-V foil junctions?! the
information most pertinent to describe the supercon-
ducting properties of V. This is accomplished by
describing in detail the analysis of a pair of typical
junctions selected from a large set as best fulfilling
the above requirements. A brief and preliminary ac-
count of portions of the present work has already
been given.??

II. SAMPLES AND EXPERIMENTAL METHOD

Foils of zone-refined V (Ref. 23) were cut, electro-
polished and mounted in the ultrahigh vacuum
chamber as described earlier.!*!5 Heating of the foil
by passage of current at typically 3 x 10~° Torr pro-
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FIG. 1. Schematic drawing of tunnel junctions fabricated
on a proximity sandwich. The substrate (not drawn to
scale) is a 0.005-in.-thick foil of V, cleaned and recrystallized
by resistive heating in ultrahigh vacyum. The shaded area
depicts the thin Al layer (40 to 250 A) which is deposited on
the clean foil and is in good electrical contact with it. Expo-
sure to laboratory air allows a thin layer of insulating A1,03
to form and the junction area is defined by a collodion
mask. Contact is made to the vapor-deposited In coun-
terelectrode with In solder. Two contacts to the foil with
silver paint allow a four-terminal measurement of each junc-
tion.

ceeded by stages to near the melting point, 1890 °C,
releasing gaseous impurities and allowing recrystalli-
zation of the foil, producing a clean and highly or-
dered foil surface. As described previously'* !> Al
Iyetal in stepped thicknesses ranging from 30 to 250
A along the foil is deposited in situ at 10~ Torr. This
is done after the foil has been cooled to ~—100 °C to
promote smooth Al films; after returning to room
temperature the vacuum system is vented to oxygen
and then to atmosphere. Oxidation of the Al to form
the tunneling barrier occurs during approximately an
hour while all but a central strip and end of the foil
are masked with collodion, prior to deposition at 107
Torr of thick (0.5—1um) In crossing counterelectrode
strips. The sample configuration is sketched in Fig.
1. A total of 13 foils were processed, each resulting
in up to ten tunnel junctions. Sample labeling is such
that the fifth junction on the eighth processed foil of
V is written as V-Al-8-5 or simply junction 8-5. The
resistance ratio and transition temperature of the
twelfth foil (from which junction 12-7 was obtained)
were measured resistively as 14 and 5.35 £0.03 K,
respectively.

The choice of In as the counterelectrode allowed
easy attachment of leads by soldering and permitted
measurements at 1.37 K with the In electrode super-
conducting or driven normal with application of a
300-Oe magnetic field parallel to the foil. Tunneling
measurements were made with the foil directly im-
mersed in liquid He using standard techniques. !

III. MEASUREMENTS

Current-voltage plots obtained from several junc-
tions, with both electrodes in the superconducting

state, are shown in Fig. 2. The properties of the
junctions are listed in Table I.

The I-V plot of junction 12-7, the sample from
which the phonon spectrum of V is extracted, is
shown in Fig. 3. Thg value of dy, experimentally
measured as 21 £8 A, is sufficiently small in this
case that the gap region can be fit adequately with the
usual BCS function, (2). Such a fit is shown in Fig.
4(a) (counterelectrode normal) at 1.37 K and 300
Oe, yielding a gap parameter Ag=0.80 meV for V. A
detailed fit of the normalized resistance with coun-
terelectrode superconducting is shown in Fig. 4(b).
This fit is obtained using the proximity density of
states N7 (E) (Ref. 16) with the same gap-edge value,
Ap=0.80 meV. The agreement of the gap-parameter
values with and without the normalizing field demon-
strates that the magnetic field employed to simplify
the phonon spectra for the o>F (E) analysis by re-
moving the In contributions has an effect on the V
parameters below the precision of our measurements.
An independent estimate of this effect is made, fol-
lowing Meservey and Douglass,?* in terms of their
equation

A(H)/A(0) =1-D(H/H,)? .

Here D is a function of the film thickness divided by
the penetration depth, and is small compared with
unity for thick films well below T, conditions which
describe the V foils in question. Taking H,=1420
Oe for V (Ref. 4), one can estimate (at 300 Oe) from

I T
T=137K

V-AI-8-8

d-230 A

C V-AI-8:7

T 4=175 A
/ V-AI-8-5

x

d=123 A

I (ARB. UNITS)

V-AI-8-3
=654

Vv (mV)

FIG. 2. Systematic study of /-V plots for tunnel junctions
fabricated on the same V foil but with varying Al layer
thicknesses. Leakage values for all junctions are below
1.5%. The In counterelectrode is superconducting and
Ag + Ay, (location of peak in d//dV) decreases from 1.32
meV for d, ;=65 A to 1.25 meV for dy =230 A.
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TABLE 1. Characteristics of V proximity tunnel junctions selected for analysis.
Al layero Leakage
Junction thickness (A) % Ago (meV)? Comments
V-Al-8-3 70 <1 0.78 Clear phonon structure of both V and Al
No discernible dip in the normalized
conductance above Agg.
V-Al-8-5 123 <15 0.75 Strong Al phonon structure; diminished
V-Al-8-7 175 <1.5 0.73 V phonons; all exhibit a dip in the
V-Al-8-8 230 <1 0.71 normalized conductance just above Agg.
V-Al-12-7 21 2 0.80 Excellent V phonon structure, minimal Al

interference. No dip in the normalized
conductance near Agy.

2 Ago determined by fitting the normalized conductance with the In normal to a thermally smeared
BCS density of states at 1.37 K.

the discussion related to Fig. 11(c) of Ref. 24 that
the fractional correction to A, namely D (H/H,)? is
of order 0.002. This is negligible in our measure-
ments. A larger correction of the measured gap
value, expected to be slightly reduced from the bulk
value by the proximity layer, is described by!®

Ag=ARK(1 — TR APS)

where R =2ZNdN/ﬁ VFN'
Taking R =0.004 (meV) ! as determined by
Vv =2.02 x 108 cm/sec for Al, dy=21 A, and

T T T T
I-V CURVE  V-AI-Al,05-In 1(mA) V-Al-12-7

T=1.36 K 02 4
0.1 +
-0.2+

1 1 1 1 1 1

-30 20 -1.0 1.0 2.0 3.0
vV (mV)

FIG. 3. Current-voltage plot for junctioon V-Al-12-7 which
has a measured Al thickness d5;=21 £8 A. The In coun-

terelectrode is superconducting and the X10 trace indicates a
leakage current less than 2% of that obtained with both elec-
trodes normal. The steep rise at 1.33 meV corresponds to
Ag + Ay, indicating (for Aj, =0.53 meV) that Ag =0.80 meV
for V.

T T
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DATA -
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£=0.8%0.005
T=137K
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FIG. 4. (a) Comparison of measured normalized conduc-
tance for junction V-Al-12-7 to that of an ideal BCS super-
conductor with A =0.80 meV at 1.37 K. The measurements
were done with an applied field of 300 Oe parallel to the foil
to drive the In normal. (b) Comparison of measured nor-
malized resistance data for V-Al-12-7 to the Arnold N7(E)
at 1.37 K and H =0. The In counterelectrogde is described
by A, =0.54+i0.04 meV which allows for a small amount of
gap-edge broadening.
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Zy=1+Ay=1.45,% and Ag=0.80, this implies

A8k =0.81 meV. This value agrees exactly with the
0.81 meV obtained by ultrasonic attenuation mea-
surements?® on V. It should be emphasized that the
gap region displays none of the complicated structure
associated with a barrier at the NS interface, indicat-
ing the assumption of a clean and sharp interface is
justified. This may seem surprising at first when one
considers the solubility of Al in V. However, the
rate of interdiffusion of these metals at room tem-
perature is extremely small.?”»2® Extrapolating the
temperature-dependent diffusion constant to 300 K
and using a characteristic handling time of 2 h, one
obtains a reaction layer of <0.2 A. .

Figure 5 shows the first derivative dV/dl curves for
junction 12-7, while in Fig. 6 the directly measured
d*V/dI? curves for 12-7(a) and 8-3(b) are compared.
The latter junction, of dy =70 A, shows a relatively
stronger response at 36 meV, the energy of the
prominent Al longitudinal phonon.?>? This second
data set is used to determine the Ay(E) function re-
quired to make corrections in the first data set, for
the small Al phonon contributions to N7(E). In Fig.
6 positive peaks in d?V/dI? locate peaks in the pho-
non density of states of V or Al as marked. The en-
ergy scale in Fig. 6 has been corrected by subtracting
the V gap energy Ag=0.8 meV from thé applied bias
eV,

Quantitative analysis proceeds from the experimen-
tal BCS-reduced conductance o/ogcs —1 shown in
Figs. 7(a) and 7(b) for vanadium junctions 12-7 and
8-3, respectively, hereafter referred to as 1 and 2.

149 + e
V-Al-12-7
da =21 R
T =137 K, H=300 Oe
150 b
av,
1)

—1 | 1 |
0 10 20 30 40 50

BIAS (mV)

FIG. 5. Tracings of the dynamic resistance for junction
V-Al-12-7 in the normal and superconducting state. An H
field of 300 Oe was applied parallel to the foil plane to drive
the In normal and remove the In phonon structure in the
superconducting curve. Note the phonon structure near 10,
20, 30, and 40 meV for the superconducting curve. An H
field of 5.5 kOe was applied perpendicular to the foil to ob-
tain the normal curve.

One feature of the Al phonon responses in Fig. 7
which is notable is the apparently greater width of the
36-meV depression in thinnest Al film (1) compared
to junction 2, for which dy=70 £8 A. In an analo-
gous fashion, we will see below that the 36-meV
feature in junction 2 is not as sharply defined as in
bulk Al. This trend does not seem unreasonable in
Al films of 20- and 70-A thickness. However, it
poses some difficulty in the correction procedure to
be described.

(a) V-Al-12-7
da =218
T=1.37 K, H=300 Oe

SuR

e
S A
s
5

VT T T T
V-Al-8-3

dn=70 &
Ag=0.775mV
T=1.37 K, H=300 O¢l

(arb. units)

d® v
d 12

eV-A(meV)

FIG. 6. (a) Tracing of directly measured d2V/dI? vs ener-
gy for V-Al-12-7. The zero of energy is shifted to the gap
edge to compare peaks in the data to peaks in the phonon
spectrum of V and of Al which are marked by arrows. The
second derivative is integrated to construct a d¥/dl curve
with clear phonon structure. (b) Tracing of d2V/dI? data
for V-Al-8-3 to indicate the change in tunneling characteris-
tics as the Al layer thickness is increased. Here d,; is mea-
sured to be 70 A. The overall scale is reduced by approxi-
mately a factor of 2 compared to Fig. 6(a). Note the in-
crease in relative amplitude of Al phonon structure to that
of V as compared to Fig. 6(a).
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FIG. 7. (a) Reduced conductance for V-Al-12-7 from
measured data (solid line) and calculated result of MMR in-
version. The input parameters are d ;=20 .X‘, d/1=0.02,
and Agy=0.80 meV. The fit deviates beyond 30 meV be-
cause the initial approximation A,,;(E) =0 does not account
for Al phonon structure. (b) Reduced conductance for V-
Al-8-3 using Aj=0.78 meV.

IV. ANALYSIS OF DATA

The result of the first possible analysis for the pho-
non spectrum of V is indicated by the dashed line in
Fig. 7(a). This calculated curve is obtained by setting
the pair potential Ay(E) =0 in Eq. (4), thus neglecting
phonon structure from the Al, and using the McMil-
lan stage III program®3° (MMR) as modified!” to ac-
cept the exact proximity N7(E). The parameters
A=0.62, pgn=0.07,"* resulting from this inversion
with d =20 A and d// =0.02, are of course only ap-
proximate by the neglect of Ay, which leads to the
failure of the fit above 30 meV. We note, however,
that the pair potential AJ(E) and renormalization
function ZJ(E) resulting from this inversion could
be used as first approximations for V.

The next step is to provide as input to the exact

Nr(E) function'® [approximated by Eq. (4)], a
correcting Ay(E), to permit a more accurate Ag(E)
to be determined by inversion of the data of sample
1. Two different pair-potential functions have been
used for this purpose. The first, Ay;(E), is obtained
from analysis of junction 2. A second, Ay,(E), for
comparison, has been taken?!" from a previously
publisheg analysis of an A1/Nb junction having
dy=27 A. Even though the differences between
these two correcting functions are noticeable, we will
demonstrate that the sensitivity of our determination
of the desired properties of V to these differences is
quite small.

The function Ay (E) is obtained by initially deter-
mining from junction 2 the function A{,(E) which is
implied by data set 2 and the exact Ny(E), ¢ by using
parameters d and d/! as appropriate, and on the as-
sumption of input functions A}(E), Z¢(E), and
Zn(E). The method used is described in Appendix
A2 of Ref. 17 and is similar to the method of Galkin
et al.>* The Zy(E) input was generated from a bulk
Al o?F(E) function® using the Eliashberg equations.
The input A}(E), ZJ(E) functions were taken as the
best available functions for V, in order to avoid an
iterative sequence of inversions as described in Ref.
17. The functions used for this purpose were ob-
tained by inversion of data set 1 using Ay,(E),
Zn2(E).23% We emphasize that this is merely a
point of convenience and economy. Alternative
choice here might have been A, Z? described above
or improved functions obtained by inverting data set
1 with Ay, Zy calculated from the a?F (E) 4, of Ref.
25. The A%(E) function thus obtained is defined
only up to the end of data set 2, 45 meV, as shown
in Fig. 7(b). In order to extend the energy range of
the accurate determination of Ay(E), the corre-
sponding a?F (E) 4, [Fig. 8(a), solid curve] was deter-
mined, using a method described in the Appendix,
and an extended Ay,(E) function [Fig. 8(b), solid
curve] was finally obtained for use in correcting data
set 1. Plots of derived Ay (E) and a?F (E) 5, func-
tions are compared (dashed lines) in Fig. 8 with cor-
responding bulk functions following Ref. 25, which
are seen to be generally similar. However, the
a’F (E) 4, function from junction 2 reveals a broaden-
ing and shift to lower energy of the longitudinal Al
phonon peak near 36 mV. We do not find these
minor differences to be suprising in a 70-A film com-
pared to bulk Al. In fact, the two a?F (E) 4, func-
tions agree rather well in inverse first moment, with
Aa1=0.43 from the bulk calculation versus Aa;=0.42
from sample 2.

Vanadium properties are obtained by inversion of
data set 1 using pair potentials Ay;(E) and Ay,(E) as
the required input corrections. Results from tohe in-
version using Ay;(E) and parameters d =30 A,
d/1=0.14 are shown in Fig. 9 [«*F(E)v] and Fig. 10
(calculated conductance, dashed, compared to data,
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FIG. 8. (a) a®F(E) , function deduced from sample 2
(solid curve) compared with function calculated for bulk Al
in Ref. 2 (dashes). (b) Real part of pair potential A y;(E)
induced in 21-A Al film of sample 1 by the thick vanadium
substrate, assuming a2F (E) 5 function (solid) for Al shown
in (a). The pair potential calculated from the bulk Al
(Dynes-Carbotte) a?F(E) a1 is shown (dashed) for compar-
ison. (c) Imaginary parts of the pair potentials shown in
(b); solid curve derived from junction 2, dashed curve from
bulk Al o?F(E).

- T T T I T T T |
Vanadium
x=0.8
06 ;083 -
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0.5 —
a
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FIG. 9. Eliashberg function for V from sample 1, corre-
sponding to A=0.83 and ujy, =0.148.

solid). The dy chosen is just at the upper end of the
experimental range, in the interest of improving the
fit in the 40-mV region. The superconducting param-
eters that result from this inversion are A =0.83,
upn=0.15, a calculated T, (Refs. 31 and 32) of 6.2 K
and wj,;=14.8 meV. For comparison, inversion of
data set 1 using pair potential Ay, results in an ex-
tremely close fit (within 19'5) to the measured con-
ductance (taking dy =20 A, d// =0.14) and parame-
ters A=0.79, u;,=0.14, T.=5.94 K. The corre-

3.0 -
— EXPT. # | (V-AL-12-7)

---- CALC.
20

0.0

(0/0gge -1)(103)

-LO—

-2.0

30 | | 1 L L | |
50 100 150 200 250 300 350 400 450
ENERGY (meV)

FIG. 10. Comparison of reduced conductance for sample
1 (solid curve) with calculation (dashed curve) using correc-
tion Ay (E) corresponding to the o2F (E)y function of Fig. 9.



25 SUPERCONDUCTING TUNNELING STUDY OF VANADIUM 1629

Vanadium
77K
oo TOF FR2 Khe
_ 0.06- — IN 4 HFR Gren
. .
=
[
£
3 0.041
<
S
0.021

10 20 30 40
hw(meV)

FIG. 11. Phonon spectrum F(E) for vanadium at 77 K
determined by incoherent inelastic neutron scattering. After
Ref. 6 with permission of the author.

sponding «?F (E)v function (not shown) is extremely
close to one published earlier.”2 The present o2F(E)vy
function gives a slight increase in the longitudinal
peak (0.375 vs 0.36) and improved accuracy

near the cutoff energy, here (Fig. 9) determined as
35.7 meV.

In both cases the calculated T, values from the
Allen-Dynes formula?! are higher than the measured
5.35 K; however, the difference is within our esti-
mates of uncertainty in A and p* using an analysis of
error propagation in this formula.!” While we prefer
the present o?F (E)y function (Fig. 9), the rather
small differences in the resulting parameters A and
w* are taken as a measure of the overall uncertainty
in our determination. For comparison with the
a®F (E)y we have reproduced in Fig. 11 the F(E)y
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FIG. 12. Pair potential A(E) for vanadium; real part
(solid curve) and imaginary part (dashed curve).
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FIG. 13. Renormalization function Zg(E) for vanadium
in the superconducting state. Real part (solid curve) and
imaginary part (dashed curve) are shown.

obtained by neutron scattering,® which is also close to
the F(E)v of Ref. 7. Figures 12 and 13, respective-
ly, show the pair potential Ag(E) and superconduct-
ing renormalization function Zs(E) for V, corre-
sponding to the a*F (E)y of Fig. 9. Any differences
between these functions and those generated using
Apn2(E) are extremely small.

V. DISCUSSION

The o?F (E)v function obtained is the first avail-
able for V, a material of considerable current interest.
The treatment of the data has included corrections
for the induced Al pair potential in the proximity
junction.

A. Correction procedures

Two rather different correction functions have
been used. Pair potential Ay;(E), derived from junc-
tion 2, is quite similar [see Fig. 7(b)] to the Ay(E)
implied by the bulk Al calculation.’ Applied to the
N7(E) of junction 1, it provides a correction, to
within 0.02% of experiment up to about 39 meV
(dashed curve, Fig. 10). Note that this range in-
cludes the peak in a?F(E) . However, it fails,
beyond 40 meV, to fully correct the conductance,
which we take as a consequence oof the greater width
of the Al features in the thin 21-A film of junction 1.
This fit leads to A =0.83, u;,=0.15, and T.=6.2 K.
The correcting pair potential Ay,(E) (not shown) pro-
vides a better correction beyond 39 meV: in fact, the
calculated conductance obtained using this function
cannot be distinguished from the experimental curve
on the scale of Fig. 10, over the whole energy
range.?! This function (which closely resembles the
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dotted curves in Figs. 9 and 10 of Ref. 17) differs
from Ay;(E) in having a stronger variation in the
range 40 to 45 meV and a greater broadening of its
features. The broadening we believe is associated
with the origig} of this function from a thinner Al
film, dy =27 A, similar to the present junction 1.
The Ay, function, which is regarded as a stronger
correction, leads to A=0.79 and upr=0.15. Be-
cause we are concerned with a correction, the param-
eter A deduced for V differs by not more than 5%
between the two cases, which we accept as an esti-
mate of the uncertainty in our determination. In
summary, our result is A=0.82 +0.05 and
upn=0.15 £0.03 for V. We know of no other direct
experimental determination with which to compare
these values.

B. Properties of vanadium

The moments of the «*F (E) function are conven-
tionally defined using the relations

E 2
ey =2 [PrmetE g

where ‘
E !
=2 f °a2—F(EE) dE

and E, is the maximum phonon energy. For vanadi-
um we find from the o?F (E)v function of Fig. 9 the
values

(E)Y=17.1 meV, (E?)=(18.76 meV)?

and E,;=14.8 meV, where Ejg=exp(InE). The
peak positions at 19.8 and 27.4 meV may be com-
pared with 20.3 and 28.3 meV in the neutron data of
Fig. 11. The o?F (E) function has a shape generally
similar to that we previously have obtained for Nb in
that the high-energy longitudinal peak is smaller than
the transverse peak. As in the case of Nb, this rela-
tive weighting differs from that observed in F(E),
the neutron scattering phonon spectrum in Fig. 11.
In principle, this difference may be attributed to
a2(E) being a decreasing function of energy. An in-
dication that this is not entirely the correct explana-
tion, at least in Nb, has been given by Butler et al.
in a calculation making use of measured neutron
scattering line widths in Nb and giving a very strong
longitudinal peak. As has been mentioned else-
where,!”36 it is possible that the relative reduction of
the longitudinal peak may arise, in part for the local
nature of the tunneling measurement and impurities,
or other disorder in the surface or interfacial region
of the V. On the other hand, recent proximity tun-
neling studies of Ta reveal a considerably stronger
longitudinal peak,®” closer in its relationship to the
transverse peak than to that observed in neutron
scattering. The fact that the Ta and V foils are pro-

cessed in an equivalent fashion makes clear that the
proximity method itself is not the origin of the re-
duced longitudinal peak and indicates that the differ-
ence originates in the metal foils, in either the degree
of surface cleanliness achieved or in some property of
the coupled electron-phonon system.

The parameters A =0.82 £0.05 and up,=0.15
+0.03, which we quote for V (using the conventional
Eliashberg equations with no paramagnon term), are
both somewhat larger than one would expect for a
typical superconductor of T,=5.4 K and E\,;=14.8
meV. Following the empirical relation of T¢/Ej; VS A
demonstrated in Fig. 10 of Allen and Dynes,*! the
expected A\ for V would be about 0.69. The range of
values tabulated for upy, in Ref. 31 is centered close
to 0.1 and includes none larger than 0.12. On the oth-
er hand, our values are much smaller than those of
Ref. 8: A\,n=1.04 and u*=0.55. The u* of Ref. 8 is
obtained by solving the Eliashberg equations with no
paramagnon term for 7.=5.4 K using a calculated
a’F (E)v corresponding to A=1.04. This indirectly
obtained value for A is beyond the range of uncer-
tainty in our determination. In our work we have de-
duced A and u* from the tunneling measurements
alone (no use is made of the experimental T,.) and
then have calculated T, to be 15% higher than the ex-
perimental using the Dynes-Allen expression.’! In a
further check the T, was calculated’® on the basis of
our @?F(E)y and upy, values using the Eliashberg
equations (with no paramagnon term) giving 6.4 K,
in substantial agreement with the Dynes-Allen for-
mula. We cannot rule out the possibility that this in-
consistency in the calculated 7, (and the slightly in-
creased values of A and u*) are consequences of
weak paramagnon effects in V which are not dealt
with in our analysis. However, we believe, on the
basis of the present results, that a value of the
parameter Ay, as defined in Ref. 8, much larger than
0.1 is unlikely.
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APPENDIX: DETERMINATION OF o?F(E) ,,

In this Appendix we shall describe the means by
which a2F (E) o, was found. In PETS II (Ref. 17) we
have already discussed the technique by which
A (E) may be determined. A disadvantage of the
approach described there is that in order to find the
aluminum pair potential for a given energy range,
one requires conductance data over a larger energy
range. This necessity is an unfortunate aspect of the
Kramers-Kronig analysis which must be employed in
the determination (see PETS II for details).

Typically, conductance data for these studies did
not extend further than 50 mV or so. By employing
numerically generated test data for the conductance
between 0 and 50 mV, we have observed that the er-
ror in the A (E) determination increases from
between 1 and 2% up to 40 mV to 14% at 50 mV,
with steadily increasing error in between. Thus, the
program which determines A,(E) is acceptably accu-
rate up to 40 mV when the conductance data extend
to 50 mV. Since 40 mV is just above the cutoff in
a’F (E) 4 this suggests an alternative scheme for gen-
erating A, (E) at all energies.

Since Aa(E) is accurately determined for energies
up to 40 mV, one may obtain the pairing self-energy
dal(E) if Zo(E) is assumed to be known:

d’Al(E) = ZAI(E) AAl(E)

We initially chose Z 5;( E) to be equal to its

proximity-effect induced value obtained via the
Dynes-Carbotte a?F (E) 4, function [see Eq. (6),
PETS II]l. From equation (5) of PETS II, we have

As

7 QZF(E—E,)AI .
N

£ ’
Im¢A|(E) =1 LSO dE Re

This relation is readily inverted numerically to find
a?F (E) 5, since Ag=Ag(E’) and Qg=[(E")?
—Ag(E")1Y? are known.

Clearly, in order to find a?F (E) 4, all one requires
is knowledge of Im[Z o /(E) Ax,(E)] for energies up to
the cutoff energy for the phonon spectrum in Al
Since Z A (E) is assumed known and A,(E) is accu-
rately determined up to this energy, aF (E) a; can be
obtained. From this calculation one may now insert
a’F (E) 4, into Egs. (5) and (6) in order to find
Aa(E) and Z(E) at any energies (taking
wa=0.11). In principle, the consistency of the ini-
tial assumption for Z ,( £) may then be checked by
taking the new Z,(E) and iterating the above pro-
cedure to obtain an improved a?F (E) 45 but, in prac-
tice, this is not necessary.

An important feature of our technique for obtain-
ing Ax(E) and a?F(E) 4, is its lack of dependence on
wa. In fact, the value of w}i, has an influence on our
results only for the calculated values of Re[AA(E)].
As emphasized in the text, Ax(E) induces a small
correction to the calculated Vanadium properties.
Small variations in w}; should accordingly have little
effect.
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