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Microscopic superconducting parameters of Nb&AI:

Importance of the band density of states
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Critical-field measurements are carried out in low fields on a series of A 15 Nb-Al as-

deposited films where structural disorder, as characterized by the residual resistivity p(T, ), is

introduced by varying the composition in the A 15 phase. Analysis of the critical-field slopes

near T, gives relatively low electronic densities of states at Fermi level N (0) in agreement with

heat-capacity results. The N (0)'s remain nearly constant over the resistivity range varied.

Lacking data in the low resistivity range, our results neither support nor disagree. with the resis-

tive lifetime-broadening model of the density of states. Nonetheless, the data unambiguously

demonstrate that the conventional model, in which a peak in the band density of states at the

Fermi level plays the essential role, is not sufficient to explain the observed systematics in high-

T, Nb3Ai. More specifically, changes in (/2)/(«/) with disorder are found to be responsible

for the observed changes in T„where the increase of (&u ) with disorder has been shown ear-

lier in the tunneling studies. Further consideration of similar data for the other superconductors

V3Si, Nb3Sn, and Nb3Ge suggests that important variations in (I )/(ru ) may be a general

feature of the high-T, A 15 superconductors. (12)/(cu2) increases as one progresses from V3Si

through Nb3Sn and Nb3A1 to Nb3Ge in correlation with the relative instability of the A 15 phase

in these materials.

I. INTRODUCTION

The 3 15 superconductors have received consider-
able interest because of the favored occurrence of
high-critical-temperature superconductivity in this
class of compounds. However the fundamental prop-
erties with which the high T, 's of these materials can
be associated remain unsettled. In the conventional
model' based on the properties of the well-ordered,
stoichiometric compounds such as Nb3Sn and V3Si, a

sharp peak in the band density of states is believed to
play an important role both in the high-T, supercon-
ductivity of these materials and also in their
anomalous normal-state properties. However, the
so-called metastable 2 15 compounds (i.e., those that
do not exist in thermodynamic equilibrium at
stoichiometry) such as Nb3A1 and N13Ge of even
higher T, do not show such anomalous normal-state
behavior in the heat capacity'3 and magnetic suscepti-
bility and therefore are in potential conflict with the
conventional model. On the other hand they have
not been made as well-ordered, stoichiometric com-
pounds, and clear evidence for inhomogeneities in

these materials has been observed, ' further cornpli-
cating any interpretation. Thus a definite conclusion
about the origin of the high T, 's in these supercon-
ductors cannot yet be reached. .

An alternative in comparing the properties among
different compounds is introducing disorder or de-
fects artificially6 and even including the amorphous

counterpart' in a systematic study of a given com-
pound. The trends in the physical properties provide
additional insights into the mechanisms responsible
for the high-T, superconductivity. In the case of the
canonical 3 15 superconductor V3Si, the depression of
T, with increasing disorder has been correlated with a
decreasing band density of states at the Fermi level
Ns(0). s s For metastable Nb3Ge, a large reduction in

the ratio h. //Va (0) or (I ) with disorder has been
suggested by Tsuei, ' and Ghosh and Strongin. Here
A. is the electron-phonon interaction parameter and
(12) is the average squared electron-phonon matrix
element. However these conclusions become less
certain when one recognizes the unknown or uncon-
trollable degree of inhomogeneities present in the
metastable materials. Also (taken by themselves) the
interpretations from such studies are subject to un-
certainities resulting from the assumptions made
about the lattice properties in the analysis used to ob-
tain the microscopic parameters,

Given the above difficulties, we have undertaken a
comprehensive study of the least unstable member of
the metastable class of A 15 high-temperature super-
conductors, namely, Nb3A1, as a promising prospect
for improving understanding. The synthesis of this
compound in thin film form such as used in this
study is well-controlled as described in a previous
publication. ' Homogeneous samples with systematic
and reproducible material characteristics across the
single-phase 3 15 phase field (i.e., from 19 to 22.6
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at. % Al at- low temperatures) can be prepared. Su-
perconducting tunneling measurements" carried out
on A 15 Nb-Al thin films as a function of Al compo-
sition establish for the first time the important role of
soft phonons in the high- T, superconductivity. How-
ever the basic mechanisms of the superconductivity
cannot be fully understood without additional infor-
mation regarding the electronic properties. Therefore
in the present work we extend our study of the
Nb3Al system to include critical-field measurements
on a series of Nb-Al films varying in composition
across the single-phase field. Along with our tunnel-
ing measurements we can determine the various mi-
croscopic parameters [e.g. , N"(0), (12), and (oP),
etc.] for understanding superconductivity.

Our analysis yields a relatively low value of Nb(0)
for Nb3A1, in agreement with the heat-capacity
results. 2 " Moreover, strikingly, the value of Nb(0)
remains approximately constant over the composi-
tional range varied. On the other hand, a substantial
decrease of (I') and increase of (au') (i.e., stiffening
of the phonon modes) account for the depression of
T, with disorder. The possibility of a variation of
(12)/(oP) in Nb3Al with disorder has been noted
earlier based on a similar study on radiation-damaged
N13A1 by Ghosh and Strongin. This conclusion has
not been universally accepted, however. The present
work based on a very thorough analysis and particu-
larly well-characterized samples (including electron
tunneling) now leaves little doubt that variation in
(12) with disorder is an essential feature of the A 15
Nb3A1. Comparing these results to parallel studies on
other A 15 superconductors shows a systematic pro-
gression of the ratio (I')/(co') among V3Si, N13Sn,
Nb3A1, and Nb3Ge that correlates with the relative
315 phase instability of these compounds.

chemical etch used in the patterning contained hydro-
fluoric acid, which has been shown to be detrimental
to the metastable A 15's, ' the T, 's were compared
for one sample before and after a 5-sec etch and
showed no apparent degradation. The thicknesses
were measured by a mechanical stylus technique and
are in the range from 5000 to 6000 A.

All the critical fields were measured with the field
both parallel and perpendicular to the film. The criti-
cal fields were determined from both dc and ac resis-
tive transitions obtained while sweeping the tempera-
ture in a fixed field. Since the transitions of most
samples tended to broaden in high fields (e.g. , from
0.4 to 2.0 K as the field increased up to 80 kOe), the
transition temperature was chosen to be the midpoint
of the resistive transition throughout all measure-
ments.

III. RESULTS ' AND ANALYSIS

A. Critical fields and transition temperatures

Representative critical-field data of our samples at
low fields near T, are shown in Fig. 1. The low-field
data of most samples show a rather linear depen-
dence of 0,2 on temperature. A slight curvature ex-
ists in the data very near T„deviating from the
straight lines expected from Ginzburg-Landau-
Abrikosov-Gorkov (GLAG) theory. " The difference
between the measured and extrapolated T, 's are at
most 0.1 K, however, despite these small anomalies,
the critical-field slope (dH2/dr) r [from which N~(0)

is derivedl could be determined satisfactorily from
the linear portion of the data between 20 and 80 kOe.
The (dH, 2/dT) r for all the samples studied along

II. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURES

IOO-
AI5 Nb-AX

Hc2 (T) NEAR Tc
The Nb3Al thin films used in this study were

prepared by the technique of electron-beam coevap-
oration at the optimum deposition conditions as
determined in the earlier synthesis work. ' '3 Such
optimized deposition conditions give Nb-Al films with
lattice parameters following the prediction of Geller
radii, suggesting that the A 15 structure produced is
as ordered as allowed by the composition. Hence the
variations of the T, 's and residual resistivities
p( T,)'s (which we take as an approximate measure
of the structure disorder), of the samples investigated
in this work are caused mainly by variations in the Al
composition.

In order to carry out the four-point resistance mea-
surements used to determine the resistivity and the
critical field, the films were etched into a suitable
bridge pattern using photolithography. Since the

80—

60—
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FIG. 1. Representative critical-field data near T, of the
A 15 Nb-Al films measured. The lines drawn through data
points are intended to serve only as a guide to the eye.
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with other pertinent material parameters are listed in
Table I.

The dependence of T, and (dH, 2/dT) r on residual
C

resistivity p(T, ) for our Nb-Al samples are shown in
Figs. 2(a) and 2(b) along with similar data for radia-
tion damaged9 Nb3A1. Also shown for comparison
are equivalent sets of data for the Nb3Sn system.

Our Nb-Al data in general show a trend of decreas-
ing T, and (dH, 2/dT) r with increasing resistivity.

C

The data on a bulk Nb3A1 sample, "whose resistivity

is determined by normalizing its resistivity ratio to
the same room-temperature resistivity (81 + 2 IM, A
cm), agrees with the linear trend seen in our thin-
film results for T, vs p( T, ). The earlier critical-field
measurement' on a bulk Nb3A1 sample with
T, =18.7 K gives a (dH„/dT) r of 25.6 koe/K com-
parable to our results as well.

The data for radiation-damaged Nb3A1 show a less
rapid degradation of T, with p( T, ) than our data on
Nb-Al in which composition was varied, although the

TABLE I. Material parameters of the Nb-Al samples. Samples are identified individually to allow specific comparison with
other physical measurements carried out or to be carried out on these samples and reported elsewhere.

Sample No. T,(a„) (at. % Al)

p(T, )

(p, A cm)

dH, 2

dT Tc

(koe/K) qH, (T,)

G-78-18
6-80-41
6-80-41
6-78-18
6-78-18
6-77-59
6-77-59
G-78-18
G-78-18

No. 8C-I
No. 4B-I
No. 4B-II
No. 7C-I
No. 7C-II
No. SA-I
No. SA-II
No. SC-I
No. SC-II

16.24
16.03
15.97
15.60
14.93
14.52
14.47
11.44
11.01

22.7
22.6
22.5
22.2
21.9
21.7
21.7
20.1

19.9

54.52
57.78
56.37
54.66
55.27
63.13
60.97
62.70
63.16

25.66
26.41
26.78
24.41
23.13
23.07
22.91
18.56
19.47

1.19
1.18
1.18
1.144
1.122
1.071
1.071
1.0
1,0

1.65
1.60
1.60
1.54
1.42
1.36
1.36
1.12
1.10

Sample No. y {mJ/cm K )

w'(0)
states

eV spin unit cell

xb(o)
states

eV spin unit cell

6-78-18 No. 8C-I

6-80-41 No. 4B-I

6-80-41 No. 4B-II

6-78-18 No. 7C-I

6-78-18 No. 7C-II

G-77-59 No, SA-I

6-77-59 No. SA-II

6-78-18 No. SC-I

6-78-18 No. 5C-II

0.37+0.15

0.37+0.15

0.37+0.15

0.37+0.15

0.37+0.15

0.37+0.15

0.37+0.15

0.37+0.15

0.37+0.15

0.06
0.7 1

0.06
0.71 +0

0.06'" '-O. 12

0.06
0.71 +0

0.05
0.68 +p

0,04
0.64 +0 09

0.04
o.65+, „

0.03
0.58 +0 07

0.30
0.61 +0 07

1.05
12.66 +

0.98
12.55 +2 13

1.05
12 ~ 89 +2.13

1.00
12.60 +2 13

0.94
12.12 +1 96

0.73
11,30 +1 60

0.78
11.56 +1 78

0.52
10.35 +1

0.55
10.77 +1

0.40
4 78 '-o.s1

0.38
4.83 +0 82

0.40
4 96 -+o.sz

0.39
496-'o s4

0.39
50' -+O S1

0.31
4 79 '-o.6s

0.33
4.90 +0

0.25
4.88 +0.60

0.26
5'3 -'o.62
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FIG. 2, (a) Tc vs p( c) and (b) (dHc2ldT)y vs p(Tc)

for the N13Al and the N13Sn systems: (0) bulk Nb3A1,

() Nb-Al this work, (k) Nb3A1 radiation damaged,

(———) Nb-Sn (Ref. 16), and (—~—) Nb3Sn radiation dam-

aged (Refs. 6 and 9).

able resistivities ( & 55 p, Q cm) and at the compar-
able compositions (~23 at. % of Sn or Al). The ab-
sence of universal behavior in the depression of T,
with structural disorder for p(T, ) & 55 p, Q cm,
which is the range over which most Nb3A1 samples
actually exist, tends not to support the existence of a
definitive "universal defect"' as the source of the
depression of T,.

Compared to the Nb3Sn system, the data on Nb3A1
show a much more sensitive dependence of T, on
p( T, ) independently of whether the disorder is intro-
duced by applying radiation damage or by varying the
315 composition. In addition, the (dH, 2/dT) r data

c
of Nb-Sn exhibit a maximum value near a p( T, ) of
about 40—50 p, 0 cm which is not evident for Nb-A1.
Note that p(300 K) =90 p, Q cm of N13Sn is slightly
larger than that of N13A1. Extrapolating the Nb-Al
data back to p( T, ) —0 as guided by the features of
the Nb-Sn data suggests a T, & 21 K for very clean
Nb3A1 if it could be made.

The existence of a very high T, and its sensitive
degradation with disorder has been attributed'8 for
the 3 15 V3Si and Nb3Sn to the sharp feature in the
band density of states near the Fermi level. Whether
such a model accounts for the even more rapid
depression of T, with p(T, ) in the Nb3Al requires a
detailed examination of the microscopic parameters
by extracting the Nb(0) 's from the measured
(dH, 2/dT) r 's. The procedures and results are

c

described in the next section.

B. Densities of states at the Fermi Level Nb(0)

initial material before damage in the work of Ref. 9
was prepared in a similar fashion as in this work and
has comparable T„p(T,), and (dH, 2/dT) r . A simi-

lar deviation in the T, vs p( T, ) data between the
cases of radiation damage and of varying composi-
tion' is seen for Nb3Sn. In fact it occurs at compar-

Based on the data of the critical-field slope near T„
the general procedure of evaluating various supercon-
ducting and normal-state parameters including N~(0)
is well formulated. Briefly, the slope of critical field
near T, including corrections for the electron-phonon
interaction can be written as2'

r

(T, ) 9.55 x 1024'"~T, +5.26 x 104'"p(Q cm) x [R (y«)1 ' Oe/K

where gH ( T, ) is a strong-coupling factor for the
c2

magnetic pair-breaking parameter, ' of order of
1.0 —1.2; y" is the renormalized electronic heat-ca-
pacity coefficient in erg/cm3K2 and S/SF is the ratio
of the Fermi surface S to the corresponding Fermi
surface SF of a free-electron gas of density n. Once
(dH, ~/dT) r, T„p(T,) are measured together with

suitable estimates of qH, (T, ) and S/SF, y" can then

be obtained. '4

To estimate qH ( T, ) information about the
c2

strong-coupling properties of the material is required.
This is available from the tunneling studies carried
out previously on similar Nb3A1 thin films. " The
coupling strength 2b, /k&T, varies iinearly from ap-
proximately the BCS value to 4.4 as the composition
varies from 21.5 to 22.8 at. % Al and T, increases
from 14.0 to 16.4 K. Thus qH (T,) must be deter-

mined for each individual sample with different T,
and composition. This is done by using the mea-
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FIG. 3. (a) Electronic specific-heat coefficient y" vs

p(T, ) and (b) band density of states at the Fermi level

N (0) vs p(T, ), for (O) bulk Nb3A1, () Nb-Al this work,

(———) Nb-Sn Ref. 16, and (k) Nb3A1 radiation damaged

with corrections described in the text. The right-hand scale

of y in mJ/gatom K is for Nb-Al only.

sured 2h/ks T, to calculate ( T,/o)o) from the analyti-
cal expression of Kresin and Parkhomenko based
on a simple Einstein spectrum for a2F(co) and then
using this value T,/coo to calculate the gH (T,). For

c2

samples with T, less than 14.0 K where 2A/ka T, is
BCS-like, AH, ( T, ) is taken to be 1.0.

The S/SF is determined by requiring the extrapo-
lated y'M from the results derived magnetically in

this work to agree with the thermally derived y" cor-
responding to a T, of 18.7 K. In this procedure we
have assigned a p( T,) of 50 pfI cm, for the sample in

that heat-capacity measurement according to the sys-
tematic trend T, vs p(T, ) shown in Fig. 2(a). The
S/SF ratio is thus found to be 0.37. In the dirty lim-

it, which is the case for all Nb3Al samples measured,
the second term in Eq. (I) dominates and the uncer-
tainty in the factor S/SF causes only a small uncer-
tainty in the determination of y'~'s,

The resultant y'~'s from this analysis are shown in

Fig. 3(a) as a function of the residual resistivity

p(T, ) and are listed in Table I. The asymmetric "er-
ror bars" in the y'~'s represent the uncertainty due

Nb(0) states
eV spin unit cell

17 8 +~ mJ
'y1+~ cm K

(2)

0
where we take 5.180 A to be the lattice parameter of
A 15 Nb3Al. To estimate A. , we have used our tun-

neling data rather than Kresin and Parkhomenko's
formulas, 2 since in the latter method the resolution
in determinirig T,/ruo in the weak-coupled limit is

severely reduced. From the gap inversion analysis
in the tunneling studies, " (co„,) and h, have been
generated for two junctions with a T, of 14.0 and
16.4 K. As shown by Allen and Dynes, ' a nearly
linear dependence of T,/(co~„) on X over a small

range of X is found true for three possible spectra of
u'F(ru). Hence h. can be obtained for samples of T,
between 14.0 and 16.4 K by interpolation for each
T,/(cu„, ), where a linear decrease of (co„,) is as-

sumed to account for the linear increase in 2A/kaT,
For samples of T, ( 14.0 K, (co~„) is taken to be the
same as that of T, =14.0 K because the coupling
strength remains BCS-like.

The resultant N~(0)'s for the 3 15 Nb-Al films are
plotted in Fig. 3(b) as denoted by the solid circles.
As listed explicitly in Table I, the N'(0)'s remain
essentially constant over the T, and p( T, ) range in-

vestigated. The changes of N~(0) with p(T, ) for the
Nb-Sn samples' analyzed by the similar fashion are
also shown in Fig. 3(b) by the dashed line for com-
parison. Note that it is the more rapid variation of
the electron-phonon correction (I + h. ) with composi-
tion in Nb3Al than Nb3Sn over the range studied that
has practically eliminated the variation in y' vs p(T, )
seen in Fig. 3(a). The N~(0) data of the a-particle-
damaged9 Nb3Al agree well with those of our Nb-Al

samples of comparable T, 's, if one includes the
corrections for the (co)'s, h. 's, and qH (T,)'s as

c2

described earlier. In particular we take gH (T,) to
c2

be 1.0 for the weak-coupled samples with T, «14.0
K. The N~(0) vs p(T,) data after these corrections
are shown in Fig. 3(b) by the solid triangles. Thus,
even with a much larger variation of resistivity p( T, )
or disorder up to 112 p, fi cm, N~(0) still remains

nearly constant and only decreases by 15% at the ex-
treme level of damage [p( T,) —112 p, O cm].

to S/SF of 0.37 +0.15. A further increase of
S/SF )0.52 only slightly increases y™.Therefore,
within the accuracy of our estimates, a large y' com-
parable to those of the stoichiometric and ordered
Nb3Sn and 4/ 3Si is unlikely in the presently best-made
Nb3A1 even with a T, onset —19.0 K. The dashed
line shows y'™vs p(T, ) for Nb-Sn samples"
analyzed by the similar method which includes a pos-
sible increase of (cu) with disorder. The reason for
doing so will be discussed in detail in a later section.

The band density of states for A 15 Nb-Al can be
calculated from y' 's with the relation
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IV. DISCUSSION

A. Microscopic parameters of N13AI

The degradation of superconductivity due to disor-
der or defects in the high- T, A 15 superconductors
has been intensively studied both theoretically and
experimentally. ' ' The prevailing model ' ex-
plaining such behavior is based on the idea that
resistive-lifetime broadening of the density of states
with the structural disorder is the fundamental factor
in reducing T,. However, in the case of the A15
Nb3A1, a rapid degradation of T, with disorder is
found also (nearly twice as fast as those of Nb3Sn) in
both our Nb-Al films and the radiation damaged
Nb3Al, and yet the N"(0)'s derived from the analysis
of the critical-field data remain approximately con-
stant. Thus changes in Ns(0) cannot account for the
depression of T, from 16.2 to 4 K. Hence in the
McMillan equation )t =N(0) (I )/M (td ), X cannot
be simply proportional to Ns(0), and a substantial
decrease in the ratio X/N"(0) ~ (I')/(te') (by as
much as 50%) must be involved. As shown explicitly
in the tunneling studies, the decrease of T, from 16.4
to 14.0 K with the reduction of the ratio 2d/ks T,
from 4.4 to a BCS-like value mainly results from the
phonon mode stiffening by 25%. If we assume (ruz)
remains constant for T, «14.0 K where the coupling
strength stays weakly coupled, the reduction in the
ratio (I2)/(tez) mostly arises from a decrease of (12)
by 40%. These variations of the microscopic super-
conducting parameters, X, Ns(0), X/Ns(0), (coz),
and (I') for Nb3Al with respect to T, are shown in
Fig. 4(a) by the solid line. Corrections related to any
possible continuing increase of (ce') with disorder for
T, ( 14.0 K affects only the relative weightings
between (I') and (ro2).

The modest value of Ns(0) in A15 Nb3AI and its
insensitivity to structural disorder raises the question
of the relative importance of Ns(0) to the high-T,
superconductivity of Nb3A1. As a consequence it is
reasonable to ascertain how sensitive such results are
to the analysis used, particularly since we include the
unconventionai feature of changes in (tu)'s with dis-
order in the analysis. In Fig. 4(a), we show the
resultant microscopic parameters (dotted curves)
analyzed assuming no phonon softening following
Orlando et al. ' The data for a™particle-damaged
NbsAI analyzed by Ghosh and Strongin' (dash-dotted
curves) are also shown. These latter authors used a
larger (t0„s) to estimate X, as suggested from the
neutron work, zs and took (co„s) to be constant
throughout. They reached the similar conclusion of
the decrease of (I')/(te ) with disorder by about
25%. Comparing these three different analyses, the
following conclusions can be drawn quite unambigu-
ously: Any variation in Ns(0) with T, is indeed rath-
er mild and can even be considered negligible. As a

(tI)
I I I

2.0- NbgAP

I.O—

0

I I I

Nb~Sn

(c)
I I 1

V~Si

IO

0
~ 0.40
~ 0.20

0

400-3
-0

= ~o- ~
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~, (K}
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FIG. 4. Microscopic parameters A. , N (0), A./N (0),
(cuz), and (l~) as a function of T, for various A15 com-
pounds where Nb(0), (oP), and (12) are in units of
states/eV spin unit cell, (meV), and (eV/A), respectively.
The solid lines shown are the data analyzed by the method
in this paper. The dotted lines are for the same data
analyzed by assuming a constant (cu) as in Ref. 21. The
dash-dotted line corresponds to the data of radiation dam-
aged Nb3Al analyzed by Ghosh and Strongin (Ref. 9).

B. Comparison with other A 15 superconductors

To understand further the systematics in the mi-
croscopic parameters of Nb3A1, we compare our
results with other high-T, A15 compounds. The sys-
tematic changes in the parameters of Nb3Sn obtained

result a substantial decrease of (Iz) from 25% to as
much as 55% is necessary to account for the lowering
of T,.

The controversy regarding the heat-capacity results2
of A15 Nb3A1 can be reconciled based upon the
above conclusions, since we find Ns(0) remains
nearly constant regardless of the amounts or the
kinds of defects introduced. The increase in y' for
Nb3A1 of even improved quality, as gauged by the
narrower transition width in the heat-capacity mea-
surement, is expected not to be substantial. This has
been demonstrated in the more recent heat-capacity
measurements' on Nb3A1 with a T, onset 18.7 or
19.0 K and a relatively narrow transition width of
-0.50 K. Furthermore, the heat-capacity measure-
ment on the radiation damaged Nb3AI ( T, =7.8 K)
of Cort et al. t2 showed a slight decrease of Nb(0)
and a substantial increase of the Debye temperature,
thus supporting the stiffening of phonons with disor-
der that we found in the tunneling studies.
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by carrying out similar analyses on critical-field data
near T, are shown in Fig. 4(b). 'P ~' The analysis"
which assumes a constant (&o) leads to an essentially
constant ratio h./N(0) and hence a constant (I')
over a variation of T, from 17.8 to 8 K. However,
tunneling studies in both Nb3Sn (Ref. 31) and Nb3A1
(Ref. 11) find that the coupling strength increases
rapidly as the composition approaches stoichiometry.
This similarity suggests the possibility of mode
softening occurring in Nb3Sn, also. Using the
proximity-gap inversion analysis on earlier Nb3Sn
tunneling data do show evidence for such mode
softening. The analysis including such an increase of
(~) with disorder gives a milder decrease of NP(0)
of only 30% and some reduction of X/N"(0). How-
ever, (I~) remains constant. Therefore both
methods of analysis lead to the same conclusion of
no variation of (I ) with T, in N13Sn. Lacking
quantitative tunneling results on V3Si, in Fig. 4(c) we
show only the results of critical-field data analyzed '

by assuming a constant (co). A rather large cup —24
meV is used in this analysis as suggested from the
phonon spectrum in the neutron work, ~9 The very
slight reduction of A., however, with the very sub-
stantial decrease of Np(0) with disorder leads to an
increase of h./N(0) or (I') to be a factor of 1.8 as
large. As mentioned earlier, the reduction of the
resolution in determining cdp from 2A/kaT, in the
weak-coupled case" can lead to subsequent uncer-
tainty in determining A. from this ~o and T,. For ex-
ample, ~0's of 18 and 24 meV both give nearly the
same 2A/ka T„yet, if the smaller cup

—18 meV is
used for the initially ordered V3Si, a nearly constant
value of h./NP(0) could result and both (co~) and
(I') have to increase proportionally as T, is reduced.

As for the even more metastable A 15 compounds
Nb3Ge, which is not actually shown in Fig. 4, both
the heat-capacity and critical-field measurements
give a low NP(0) —4.0 states/(eV spin unit cell). The
latter experiment of Ghosh and Strongin9 also
showed the evidence of a large decrease of h./NP(0)
by 50% as T, is reduced from 20.9 to 11.0 K. This
observation, coupled with the strong-coupling
feature ' of Nb3Ge found in the tunneling experi-
ments, suggests a similarity between Nb3Ge and
Nb3A1. Thus the systematic variations in the micro-
scopic parameters of Nb3Ge are expected to behave
very similarly to those of Nb3A1 shown in Fig. 4(a).

Although one may question the decomposition of
the electron-phonon coupling parameter A. into fac-
tors of N"(0), (I~), and (cu') in such complicated
systems as the 3 15 compounds, the systematic
trends shown in Fig. 4 are very suggestive. From the
stable A 15 compounds V3Si and Nb3Sn to the nearly
stable Nb3A1 and on to the metastable Nb3Ge, T, '"
increases from 17.2 to 23.2 K, but NP(0) contrarily
becomes smaller. Thus the ratio h./Np(0) ~ (I~)/
(ru') progressively increases, although for any indivi-

dual material introducing disorder leads to either an
increase or a constant or even a decrease of
&/N (0) ~ (I )/(~'). These results are in contrast
to the correlation h. ~ Np(0) previously obtained"
among V3Si~ Ga„(0~ X ~ 1) by chemical substitu-
tions and do. not support the picture where NP(0)
plays the only essential role.

It is believed that the very strong electron-phonon
interaction, as characterized by the large (l~)/(co'),
may lead to the structural instability or phase decom-
position, ". as been seen in the Pb-Bi system. ' Such
a possibility agrees with the systematic trend ob-
served in going from V3Si to Nb3Sn to Nb3A1 and
Nb3Ge. In addition a tendency toward structural in-
stability appears to correlate with the increase of the
residual resistivity p(T, ) with (1~)/(co~) that we
have observed among these A 15 materials for a

given composition. It might be further argued that
the degree of difficulty in preparing homogeneous
high-T, materials should increase due to this tenden-
cy toward instability and lead to a limitation on the
achievable T,. The saturation behavior of T, ob-
served recently in Nb3A1 near the stoichiometric com-
position' could be understood as an expected out-
come of such, although alternative explanations have
been proposed. '

The inevitably large resistivities in all 3 15 Nb3A1
made to date presumably prevent an experimental
confirmation of the resistive lifetime broadening
model and an unambiguous determination of Np(0)
for well-ordered, stoichiometric Nb3A1. Lacking data
on clean samples [i.e., with p( T, ) ( 50 p, O cm) in

both the radiation damaged Nb3A1 and the Nb-Al
cases, any extrapolation of Nb(0) vs p(T, ) data to
p(T, ) —0 is largely arbitrary. Consequently the pos-
sibility of a high N"(0) in very clean Nb3A1 is not
ruled out. It is clear, however, that such a high
Nb(0) comparable to Nb3Sn is not solely responsible
for the extrapolated high T, & 21 K, which presum-
ably must also involve the changes in (I')/(cu') dis-
cussed above. On the other hand, the presence of
such a peak should be consistent with band-structure
calculation. 39 The measured low NP(0) 's in all Nb3Al
samples would then result from the smearing of the
density of states with the large resistivities, as sug-
gested by the resistive-lifetime broadening
model "'"

It is important to recognize that the present anal-

yses are carried out within the conventional frame-
work of the strong-coupled electron-phonon theory of
superconductivity which neglects many potential
real-metal effects. For example, the formal (Eliash-
berg) theory is derived upon the assumption of the
constant density of states near the Fermi level —coD.

Recently, Pickett and Klein~o have generalized the
Eliashberg strong-coupling theory by including the
fine structure in the density of states and come to the
conclusion that T, (of Nb3Sn, for example) is much
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less sensitive to the fine variation in Nb(0) due to in-

herent averaging processes than is widely appreciated.
Moreover, the possible effects of spin fluctuations
from the electron-electron interaction have been
evoked ' to describe self-consistently the critical
fields of V3Ga. These results also suggest that T,
should be affected, not only in V3Ga itself but in
Nb3Sn and V3Si as well. If the suggested spin fluc-
tuations are included in the analysis for the micro-
scopic parameters of these materials, the result is an
increase in k (electron-phouon) and decrease in
N (0) for high-T, V3Si, V36a, and Nb3Sn. Although
these many-body corrections can change the values
of the microscopic parameters, our initial estimates
indicate that they would not affect the conclusion
that (I )/(co2) gets progressively larger as one goes
toward the more unstable materials.

The microscopic parameters of the transition-metal
compounds have also been discussed from the
theoretical point of view. For instance, Hanke
et al. 4' suggested that the tendency of forming co-
valent bonding due to the p-d hybridization can lead
to a resonancelike increase of the nonlocal dielectric
function and to a simultaneous increase of (I') and
a decrease of (co2). On the other hand, calculations
based on a nonorthogonal tight-binding scheme by
Weber and Varma4' sho~ed the phonon anomaly
could be equally well caused by the anisotropic elec-
tronic band topologies. Not being in a position to
judge the relative merits of these theories we simply
note that the former model of Hanke et al."does
provide a simple physical explanation of the sys-
tematic trends of (I') and (cu') observed in Nb3Al
and presumably N13Ge. Also it does not require the
existence of a very large N~(0) to give high-T, super-
conductivity. Evidence for the tendency of the for-
mation of the covalent bonds in the metastable A 15's
has been addressed previously by Tsuei et al. ' and
Cargill et al. 44

An alternative pairing mechanism based on the ex-
change of acoustic plasmons has been suggested by
Tutto and Ruvalds ' and Soukoulis and Ruvalds. '

Although there is yet no direct experimental evidence
supporting or disproving this model, our results, in
fact, have shown that high T, and strong coupling in
Nb3A1 and N13Ge can be adequately described within
the conventional strong-coupling electron-phonon
theory.

In conclusion, in this work we have proceeded
from a careful and thorough analysis of the data to
obtain the microscopic parameters describing the
high-T, superconductivity in Nb3A1. A further com-
parative study including V3Si and Nb3Sn shows a
more intriguing interplay among the parameters
N~(0), (co2), and (I2) of these 3 15 compounds
than generally assumed, although, in general, they all
exhibit a sensitive degradation of T, with structural
disorder. Moreover, although the conventional
strong-coupling superconductivity theory that our
analysis is based upon may be subject to further re-
finements or modifications, it is nonetheless evident
that the conventional model, in which a peak in the
band density of states near the Fermi level plays the
essential role in determining the properties of these
superconductors, is not sufficient in general. We
conclude therefore that a fully adequate explanation
of the systematics of the superconducting properties
of the high- T, A 15 compounds as a class appears to
require other essential ingredients discussed in this
paper.
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