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Upper critical fields in liquid-quenched metastable superconductors
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A systematic and quantitative study of upper critical fields in alloys with increasing atomic num-

ber is carried out. The alloys are prepared by the technique of liquid (splat) quenching. They in-

clude the metastable body-centered-cubic (P) phase af Ti-pd, Zr-Ma, Zr-Pd, and Hf-Ma, amarphaus
phase af Zr-Rh, and the stable P phase af Ti-Ma and Ta-Hf. Measurements are made in magnetic
fields up ta 90 kG and in temperatures dawn ta 0.5 K. The results are analyzed within the frame-

work of the dirty-limit theory of Werthamer, Helfand, Hohenberg, and Maki (WHHM). A least-

squares fitting routine is performed using all the data (weighted equally) for a given sample. It is

emphasized that the visual critical-field gradient near the transition temperature cannot be taken as
the actual gradient in the presence of Pauli paramagnetic limitation. The main findings are the fol-

lowing: (i) Even without including renormalization corrections due to electron-phonon and
electron-electron interactions, very good fits to the WHHM theory are obtained; (ii) critical-field
data for all our samples (with minor exceptions in Hf-Mo) are found to fall below or on the Maki
curve (i.e., when the spin-orbit scattering parameter A,„goesto infinity); (iii) values of A,„areob-

served to range from 0.28 to 2.51 for the 3d and 4d alloys; (iv) the spin-orbit scattering rates I/~„
are found to compare well with theoretical estimation using results from band-structure calculation.
The effect of sample inhomogeneity on the value of A, , in Zr-Mo alloys is also illustrated. In-

clusion of renormalization effects in several alloys yields somewhat reduced (at most by a factor of
-2 in Ti-V) values of A,„.Incorporating the strong-coupling correction intuitively into the theory
does not seem to have an overall effect on the values of A,„.

I. INTRODUCTION

Experimental study of superconductors in high magnet-
ic fields during the last two decades has been closely cou-
pled with the development of detailed theory. The in-
teractions of magnetic field with the motion and spin of
the electrons of the Cooper pairs in superconductors, and
the spin-orbit interaction, have been revealed to be signifi-
cant in determining critical-field behavior. The theoreti-
cal development of Maki' predicted an upper bound (the
Maki curve) on critical fields H, 2(T) as a result of orbital
pair breaking. The further limitations of H, z(T) by Pauli
paramagnetism were subsequently quantified by Wertha-
mer, Helfand, and Hohenberg along with the restorative
effects on H, 2(T) of the spin-orbit interaction. The Wer-
thamer, Helfand, Hohenberg, and Maki (WHHM) theory
was developed for weak-coupled, homogeneous, dirty su-
perconductors. Comparison of theory with critical-field
data was based on a two-parameter (a and I, , represent-
ing Pauli paramagnetic limitation and spin-orbit scatter-
ing, respectively) curve-fitting procedure. As interest in
critical fields has increased and data for a greater variety
of superconductors have been achieved, refinement of
theory has followed. Extension of the theory to include
strong coupling has been attempted by Rainer and Berg-
mann. Further refinement of the theory has included the
effects of the electron-phonon interaction and electron-
spin Auctuations, via a renormalization procedure as sug-
gested by Orlando et al. The WHHM theory and
developments can be found in several publications. '

In this paper we report results obtained from a sys-

tematic and quantitative study of upper critical fields in
metastable transition-metal-alloy superconductors. The
latter class of materials offers an excellent opportunity for
the extensive study of upper critical-field behavior H, z(T)
and to test the predictions of the WHHM theory. Gen-
erally these samples satisfy the "dirty limit. " Employing
the technique of liquid quenching, a large variety in the
selection of the sample constituents which form a "single
phase" can be attained, easily including transition metals
from the fourth, fifth, and sixth rows of the Periodic
Table (3d, 4d, and 5d series). Thus the spin-orbit scatter-
ing rate, a determining factor in the WHHM theory, can
be varied. Samples of good homogeneity can be produced
or the degree of homogeneity can be varied [so as to study
the effect of inhomogeneity upon H, 2(T)]. Samples of
varying superconducting transition temperature are at-
tained (2.7 to 6.6 K). As a result, we are able to test the
applicability of the WHHM theory in a variety of suitable
samples, varying the parameters relevant to the WHHM
theory over a wide range. We find that the WHHM
theory provides good fits to the data for all samples, i.e.,
all our H, 2(T) data fall on or below the theoretical Maki
curve. The renormalization procedure suggested by Or-
lando et al. ' can also be applied and similarly good fits
to the data are produced. The parameter estimates pro-
vided by the data analysis are in good agreement with
theoretical estimates. The format of this paper is as fol-
lows. In Sec. II experimental procedures are given. Sec-
tion III presents experimental results, analysis, and discus-
sion. Section IV is the summary and conclusion.
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TABLE I. Superconducting and normal-state parameters for all the alloys discussed in the text. No renormalization correction is
taken into account. hT, denotes transition width defined by the 0% and 90% points on the resistivity curve. The spin-orbit coupling
matrix elements squared gq for the d band are taken from Ref. 13. The Zr96Mo4 sample contains traces of a and co phases.

Alloys

Ti42V58

T185Mol 5

Ti85Pdl5
Ti56Nb
Zr75Rh25
(as-quenched)
Zr75Rh25
(annealed)
Zr85Pdl5
Zr93Mo7
Zr96Mo4
Hf90 6Mo9 4

Ta75Hf25

Pn
(pQ cm)

59
115
210

53
160

155

130
130
119
165
60

TG

(K)

7.52
4.08
3.82
8.99
4.30

3.97

4.80
4.91
4.47
2.71
6.62

hT,
(mK)

60
60

20
550
540
230
100

&visual

1.58
1.64
1.99
1.35
1.50

1.58

1.25
1.06
0.89
1.19
0.64

1.84
1.86
2.20
1.51
1.79

1.76

1.40
1.20
0.98
1.30
0.68

0.28
0.64
0.65
1.33
1.84

1.69

2.51
2.00

2.11
2.61
2.48

11.5
7.91

6.71

12.0
9.82

gd (element)
(mev)2

-420 (Ti,V)

-3600 (Zr)

-36000 (Hf)
-60000 (Ta)

'Data taken from Ref. 11;see text for analysis of data.

II. EXPERIMENTAL

The samples examined in this study are all transition-
metal binary alloys (see Table I). Alloy constituents were
selected from the 3d, 4d, and 5d transition metals, with
superconducting transition temperatures of the alloys
ranging from 2.7 to 6.6 K. The majority of the samples
were produced by quenching onto a copper plate at a
glancing angle. The copper plate was heated to 180'C in
an argon atmosphere. Foils 40 to 100 pm thick were pro-
duced. Alloys of Zr-Pd, Zr-Mo, and Hf-Mo were liquid-
quenched in this manner, while Ti-Mo and Ta-Hf did not
require as high a cooling rate. The Ti-Pd samples were
produced by a modified piston-anvil technique. All the
above-mentioned alloys were produced in metastable,
body-centered-cubic (P-phase) crystal structures. Details
of sample preparation (and alloy structures) have been
provided previously. The Zr75Rh25 samples were amor-
phous, produced by melt spinning in vacuum.

X-ray (Ni-filtered Cu Ea radiation) analysis indicated
that the samples were single phase, except for Zr96Mo4
which contained traces of a and co phases. The latter was
intentionally selected so as to study the effects of inhomo-
geneity upon H, z. Four terminal measurements of the
zero-field superconducting transition of samples revealed
transition widths (defined by the 0% and 90% points on
the resistivity curve) of 5 to 500 mK (see Table I). The
samples were in the form of long, thin strips generally of
thickness -40 pm, width -0.1 cm, and length -1 cm.
Thin (0.01 cm diameter) copper leads were welded to the
samples to facilitate four terminal resistivity measure-
ments.

Measurements of critical fields H, 2(T) were undertaken
at fields up to 90 kG and temperatures down to 0.5 K. A
superconducting magnet with a 3-cm-diam, 3-cm-long
homogeneous (0.2%%uo) space was utilized. Three different
refrigeration techniques were employed. Primary ther-
mometry in all cases was provided by a calibrated Ge ther-

0.1 5
Z('85 15

0.10—

0.OS—

0
0 5$

" $25' f 55
H(&G)
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FIG. 1. Resistance as a function of magnetic field for a
Zr85Pdl5 sample at four temperatures. Dashed lines extrapolate
to zero resistance. Up- and down-pointing arrows indicate 0%
and 50% points on the transition curves, respectively.

mometer. At temperatures above 4.2 K the sample and
sample holder were enclosed in (and thermally grounded
to) a copper can, with a copper extension in contact with a
He bath. Secondary thermometry, in magnetic fields,

was provided by a capacitive thermometer, which also
was used (with a properly positioned heater) for tempera-
ture regulation. Between 1.5 and 4.3 K the samples and
sample holder were iinmersed in a pumped liquid He
bath. Secondary therinometry was provided by measure-
ment of the vapor pressure. Between 0.5 and 1.6 K sam-
ples and sample holder were immersed in a pumped 3He
bath. Secondary thermometry was provided by measure-
ment of vapor pressure. Good agreement [smooth-fitting
H, 2(T) curves and agreement (1%) of overlapping data
points] was observed between different temperature re-
gimes.

All measurements were taken with the samples, and
thus current density J, parallel to the field (J

~
~8).

Current densities were at all times less than 1 A/cm .
The magnetic field was swept at a constant positive rate
of 6 kG/sec. For a given sweep, the 50% point (mid-
point) and the extrapolated 0% point (end point) of the
resistive transition upon increasing fields were recorded
(see Fig. 1).
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III. RESULTS, ANALYSIS, AND DISCUSSION
80

A. Fitting H, 2(T) data

The critical field as a function of temperature, H, z(T),
is displayed for a number of alloys in Figs. 2—6 for tem-
peratures 0.5 K & T & T, . The vertical bars are not error
bars per se, but reflect the field transition width (extrapo-
lated 0% to midpoint, see Fig. 1). In general the H, 2(T)
curves exhibit a negative curvature at low temperatures
and high fields, approximating a linear slope as T ap-
proaches T, . In Fig. 2 a qualitative trend in the data is
revealed .Graphs of h =H, 2( T)/( dH—,2/dt), „„,i
versus t =T/T, for different alloys are displayed. It can
be observed that as the alloy constituents are varied from
3d to 4d to Sd elements the negative curvature at low t
decreases. The apparent enhancement of h' above the
Maki limit (equal to 0.693}will be noted. Thus, indepen-
dent of any fitting procedure, we can conclude that the
spin-orbit scattering rate increases with increasing atomic
number.

The critical-field data were analyzed. via the WHHM
theory. A two-parameter fit to the data was performed.
The fitting parameters were the Maki paramagnetic limi-
tation parameter a and the spin-orbit scattering parameter

s.o. '
The value of a is related to the electronic specific heat

y and the resistivity p„in the normal state:

a =3e fiyp„/2m n ks . (1)

With additional experimental data (i.e., accurate values
for p„and y) a can thus be determined and the data
analysis reduced to a one-parameter fit. Barring such

60

(9
40

O

20

0
0

T(K)

FIG. 3. Upper critical data (0% point) fitted to the %'HHM

theory for Ti»Mo~5 and Zr93Mo7 samples. Vertical bars denote
transition widths as defined in Fig. 1. Dotted and solid lines are
obtained with and without renormalization correction, respec-
tively. Transition temperatures T, are the ones obtained at zero
field.

1 1 i s.o.
ln —= —+ '

g( —,+(h+ —,A, , +iy)/2t)
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data, the analysis remains a two-parameter fit. We have
chosen to determine the parameters A, , and a utilizing
all the data. The H, 2(T) data are fitted with the formula
provided by WHH, in terms of digamma functions:
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FICr. 2. Reduced-field h* as a function of reduced tempera-
ture t for alloys of the 3d, 4d, and 5d series to illustrate the gen-
eral trend of h* at increasing atomic number. Normalization of
H, 2(T) is carried out using the visual critical-field gradient (see
text).

Equation (4) offers an approximate value for a if one esti-
mates [dH, 2(T)/dT]r utilizing data at temperatures near

T, (i.e., finds a visual gradient). We use a deduced from
the visual gradient as a guideline in beginning the least-
squares fitting routine. The latter is performed on a CDC
Cyber 855 computer. A grid search was utilized (to
characterize the contours and to avoid local minima) fol-
lowed by a gradient search method. ' To find h for a
given t, a, and A. .. a bisection method was employed (as
t can be a double-valued function of h for
A, O &A,;, =0.5319). The best fits to the 0% points are
represented by the connected lines in Figs. 3—6, and the
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FIG. 6. Same as in Fig. 3 for Hf9o 6Mo9 4 and Ta75Hf25 sam-

ples.

0
0

FIG. 4. Same as in Fig. 3 for Ti85Pdi5 and Zr»Pdi5 samples.

values for ~, , and a are tabulated in Table I. A check on
the value of a is provided utilizing data over a limited
range (-0.9&t &=1.0), by comparing a as deduced
from the fitting procedure (a fit) and a as deduced from
the visual gradient via Eq. (4) (a visual). The probable er-
ror in a as deduced via the slope of H, (Tz) near T =T,
depends on the curvature of H, z(T) near T„i.e., on the
values of A, , and a. The curvature of H, 2(T) for Tnear
T, is greater for smaller A, ', (or larger a values). In fact,
we note agreement between ap„and a„;,-& only for very
large A. .. whereas ar,=1.19a„;,&

in the case of small
A, , (or large a) values, as would be expected.

Analysis of our H, 2(T) data via the WHHM theory re-
sults in good fits, as evidenced by the lines in the figures.
We emphasize the fact that we are able to fit all the data
The uncertainties in a and I,', are limited by the grid size
chosen in the fitting procedure. They amount to less than
several percent of the values listed in Table I. The H, z(T)
data for all the samples (with the exception of a data point
in Hf-Mo) we examined fall on or below the theoretical
Maki curve (i.e., WHHM curve for A, , = ao). Moreover,

the values of a and A, , deduced are of physically reason-
able magnitudes. It is important to point out that fitting
the midpoints of the transition curves to the WHHM
theory also results in good fits. The values of a and A, ,
remain the same.

To emphasize the importance of fitting all the data to
the theory in a self-consistent manner and to illustrate the
shortcoming of using a„;,„,&

in the fitting procedure, one is
referred to Fig. 7. We illustrate the kind of best fits one
can obtain for Ti-Pd and Zr-Rh alloys if one fits the
H, 2(T) data using a„;,~. The deficiency of the method is
obvious. It results in higher (at least several times) values
of A,, , In cases where A, , is large, it can also lead to
enhancement of h" above the Maki limit (equal to 0.693).
Another example is given by fitting published H, z(T)
data of Ti-V and Ti-Nb (Ref. 11) using the present
scheme. Discrepancy between the present A, , (=0.31 for
Ti-V and 1.28 for Ti-Nb from Table I) values and the pub-
lished" A, , (=0.7 for Ti-V and 4.5 for Ti-Nb) values is
evident. Moreover, excellent fits to the WHHM curves
can be obtained. It needs to be pointed out that the pro-
cedure of fitting H, 2(T) curves with visual critical-field
gradient (or a„;,~) has been customarily used in the
literature.
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FIG. 5. Same as in Fig. 3 for as-quenched and annealed
Zr75Rh25 samples.

0
0

T(K)

FIG. 7. Same as in Fig. 3 except that visual critical-field gra-
dients are used in Ti»Pdi5 and as-quenched Zr»Rh25 samples to
obtain the best fits (see text).
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3n-ktt T,k, .
2' +S.O.

n;Nb(0)
~
(M), , ~', (5)

where n; is the density of spin-orbit scattering centers and
Nb(0) is the bare density of states and (M), , is the ma-
trix element associated with spin-orbit scattering. %'e
cannot precisely determine n; or Nb(0} for all the alloys
examined, but we do expect the variation in

~
(M), , ~

with Z to dominate changes in A, , T, . [See Table II for
some values of Nb(0).] We compare A, , T, with values of
spin-orbit coupling paraineter gd for the d band deter-
mined in single-crystal calculations. ' As can be seen in
Table I, A, , T, and g~ scale roughly at the same rate, as
we move down the Periodic Table, from 3d to 5d binary
alloys.

B. Spin-orbit scattering effects

The WHHM theory assumes that the spin-orbit scatter-
ing rate (I/r, , ) is inuch less than the transport scattering
rate (1/~„). In general we observed [via fits of the
H, 2(T) data] the ratio r, ,/~« to be much greater than 1.
The 3d and 4d alloys examined revealed val-
ues of A, , &3, i.e., ~, , &10 ' dec, [~, ,
=2A'(3m. kit T,A, , ) ']. An estimation of ~„can be
achieved via ~„=2&&10sy„[p„n(S/Sf) ] ', where n is
the effective conduction-electron density and S/Sf the ra-
tio of free Fermi-surface area S to that of a free-electron
gas of density n. Assuming S/Sf-0. 6 in alloys with

p„&100pQcm, one finds in general r„&10' sec. '

Thus the assumption r, , /v;, »1 is well satisfied. In the
case of the 5d alloys examined A, , & 10, and the fits are
not very sensitive to a large variation of A. .. i.e.,
10&A, , & ao. Therefore, one cannot definitely evaluate
r, , /r„. But we can evaluate the H, 2(T) data via the
WHHM theory with the confidence that the H, i(T) curve
is bounded closely above (see Fig. 6) by the Maki curve
(A, , =co). That is, it is sufficient basis to the con-
clusions we present herein to know that 10&A, , & Do for
the 5d alloys.

We note a correlation between increasing values of A, ,
and increasing atomic number Z for the transition-metal
alloys examined (see Table I). Further insight may be
gained via the relation

80

60

20

0
0 2 3 4 5

T(K)

FIG. 8. Same as in Fig. 3 for Zr96Mo4 and Zr93MO7 samples
to illustrate the effect of sample inhomogeneity on the values of
~S.O. '

An estimate of r, , can be made from Eq. (5) using the
values of g~ in Ref. 13. For Ti and Zr, gd-0.02 and 0.06
eV, respectively. The Nb(0} values for Ti- and Zr-based
alloys are taken from Table I. Assuming all the Ti and Zr
sites are scattering centers, we find ~, , =3.6)&10 ' and
4&&10 ' sec for Ti and Zr alloys, respectively. On the
other hand, using our tabulated values of A, , and T„we
obtain r, , =5.8X10 ' sec for TissPdis and 2.1&&10
sec for Zr75Rh$5 alloys. Considering that n; is not well
defined for concentrated alloys, the agreement is qualita-
tively satisfactory.

It should be noted that the A, , values obtained for the
3d and 4d alloys via the present scheme range from 0.28
to 2.51 (see Table I). This can be compared with the
values for Ti- and Zr-based superconductors given in
Table II of Ref. 12 (2&A, , &6). Thus relatively low
values of A, , are obtained without taking into account re-
normalization effects if all the data are fitted to the
WHHM theory. An attempt is also made to determine
the effect of sample inhomogeneity on the values of A, ,
via a study of two metastable Zr-Mo alloys (see Fig. 8).

TABLE II. Superconducting parameters for five alloys selected to study the effect of renormalization. The density (except Zr-Rh)
is taken as the average density of the components in the alloys. sf denotes spin fluctuation.

Alloys

T142V58

T18sMois
T18sPd
Zr7sRh2s
Ta7sHf2s

270'
295b
295'
191d
2OO'

(g)

50.0
55.1

56.7
94.1

180

(g/cm )

5.4
5.4
5.6
7.6'

15.7

1.4
0.87
0.67
0.88
0.99

0.41
0.21
0.09
0.16
0.15

Nb(0)
(states/eV atom spin)

0.89
0.71
0.53
0.60
0.54

0.61
0.49
0.36
0.37
0.37

a/a'

1.14
1.07
1.15
1.31
1.36

a'

1.62
1.72
1.92
1.37
0.50

0.14
0.50
0.40
1.06

'C. H. Cheng, K. P. Gupta, E. V. van Reuth, and Paul A. Beck, Phys. Rev. 126, 2030 (1962).
E. W. Collings, J. C. Ho, and R. I. Jaffe, Phys. Rev. B 5, 4435 (1972).

'We assume it has similar value as in the Ti-Mo alloy.
P. Garoche and W. L. Johnson, Solid State Commun. 39, 403 (1981).

'A. J. Drehman and W. L. Johnson, Phys. Status Solidi A 52, 499 (1974).
E. Bucher, F. Heiniger, J. L. Olsen, and J. Miiller, in Proceedings of the 9th Internationa! Conference on Loto Temperature Physics
(Plenum, New York, 1964), p. 616.
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The first alloy considered, Zr93MO7 is stable in the P
phase, whereas Zr96Mo4 is on the phase boundary be-
tween a-, P-, and co-Zr. X-ray diffraction reveals the
presence of a- and co-Zr in the Zr9bMo4 alloy only. Fur-
thermore, it can be noted that the superconducting transi-
tion from 0% point to midpoint on the resistivity curve of
Zr93Mo7 is narrower ( -200 mK) and sharper than that of
Zr96MO4 ( -400 mK).

When H, 2( T) is examined for Zr93Mo7 values of a =2.0
and A, ,=1.9 are found via the WHHM analysis. The
value of A, , T, =9.8 is of the same order of magnitude as
the other 4d alloys considered. However, H, 2(T) for the
Zr9&Mo4 alloy displays large value for A, , (A, , =oo).
We interpret this result as possible further evidence of the
infiuence of inhomogeneity of a sample upon its critical-
field behavior. ' On the other hand, results on Zr75Rh25
annealed at SSOK for 68 h are very similar to the as-
quenched sample (see Table I). The transition width
reinains very sharp ( —5 mK).

Hp
——(1+A,, pb+ A,,t)(1 I)Hp— (6)

With values for A,, ~h, A,s~, and I we substitute a" for o, in
Eq. (2), where we obtain a"

(1+A,, ph+i, ,t)(1—I)

and redo the fits to the H, 2(T) curves, where a is given in
Eq. (4). The values of A,, ph, A,,t, and I are deduced from
the T„magnetic susceptibility, and mass enhancement
equations:

C. Renormalization and strong coupling corrections

Recently, evidence has been presented to the effect that
electron-phonon and electron-electron interactions will de-
crease the Pauli limiting field, and lack of consideration
of these effects will result in enormously large values of
spin-orbit scattering rates. ' lt was concluded that only
by inclusion of these effects could H, 2(T) data for Nb3Sn
reasonably be fitted and it was stated that even in weak
coupled superconductors the effects of electron-phonon
renormalizations of normal-state parameters could be sig-
nificant. Although we are able to fit our data quite
reasonably within the auspices of the unrenormalized
WHHM theory, we attempt to take this one step further
by performing the renormalization procedure as suggested
by Orlando and Beasley for our H, 2(T) data for a num-
ber of samples. We thus obtained values for the spin-orbit
interaction parameter, renormalized (A,,", ) and the
paramagnetic limitation parameter, renormalized (a ), as
well as values for A,, ph and A,,t (the mass renormalizations
from the electron-phonon and electron-electron interac-
tions). Comparison can then be made with the "bare"
values.

The renormalization procedure is based upon the
enhancement of the Pauli limiting field Hp by
electron-phonon and electron-electron [and the related
Stoner enhancement factor I/(1-I)] many-body correc-
tions. The enhancement is quantified:

SD 1 +~e-ph+ ~sf
T, = exp

1.45 A,, ph
—A,,t—p'

A,,t= —,Iln 1+
I')
121 I

Nr(0) = ( 1+A,, ph+ k,,t)Nb (0)
T

(8)

9 46 lo —10

pnd

PtiNb(0)
XQ

1 —I

dHc2

dT T=T. ' (10)

where d is the density, 8D is the Debye temperature, Pi is
a momentum cutoff parameter, and p* is taken to be 0.13.
We do not deduce I from experimental measurements of
magnetic susceptibility as we are not able to separate the
valence and Van Vleck terms; we instead depend upon
values for the elements, calculated by Janak. ' Janak ac-
tually supplies values of I, related to I via

I=2Nb (0)I . (12)

It is found that the value of I (=0.3 eV) is almost con-
stant for the refractory metals. ' Moreover, the theoreti-
cal Stoner enhancement factor also compares favorably
with its experimental counterpart. ' For the alloys, we
have checked the experimental value of the Stoner
enhancement factor in amorphous Zr72Cu2s corrected for
the Van Vleck term. ' lt agrees with the theoretical value
( —1.6) obtained using Nb(0)=0. 55 states/eVatom spin
from specific-heat data' and I=0.34 eV from Janak. '

The values for moinentum cutoff Pi (expressed as a frac-
tion of the Fermi momentum) for Nb and V are obtained
from the theoretical results of Ref. 16 and Eq. (9). As-
suming that the neighboring refractory metals (e.g. , Ti,
Zr, Hf, Ta) have similar Pi values for each series, we take
(Pi )3d=1.2, (P, )4d-(Pi )5d =2. Values of 8D in general
are obtained from the literature (see Table II).

Knowing the actual critical-field gradient, 8D, T„one
can solve for I, A,, ph, A,,t, Nb(0) using Eqs. (8)—(10) and
(12). Therefore, we can employ the grid-searching scheme
discussed above to carry out the two-parameter fit to in-
clude renormalization effects. This is done for only five
alloys where specific-heat data are available. We find that
the quality of the fit to the data is also excellent. Results
for some of the alloys are illustrated by dotted lines in the
figures. The relevant parameters are listed in Table II.
Values of renormalized spin-orbit scattering parameters
are somewhat (at most by a factor of 2) reduced from the
bare values. The trend of A,, remains unchanged.

Until now, a theory which incorporates both renormali-
zation and strong-coupling corrections has not been
developed. In the case of very strong spin-orbit scattering
(A, , —+ ~ ), Rainer and Bergmann calculated the
enhancement of H, 2( T) for several typical electron-
phonon spectra. They quantified the enhancement by a
parameter qH (T)=H, 2(T)/H, 2 (T). Results at T=O
and T, were given for the Debye model as a function of
T, /(co), where (co) is the average phonon frequency.
The function ilIt (T)=1 was found to increase as a func-

c2
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tion of temperature. Assuming that this trend holds for
our samples, the H~z (T) data to be fitted to the WHHM
theory will tend to follow a curve with decreasing curva-
ture towards T, . The latter tends to increase the value of
A,,", in the curve-fitting procedure. On the other hand, a
reduced field gradient at T, also decreases the value of a'
and thus the value of A,,",. To examine the overall effect
more quantitatively, we divide our H, z(T) data by an ex-

trapolated function riH, (t)=1.06+ 0.05t, a form com-

patible with typical T, /(co) values. Curve fitting to the
corrected H, z(T) data results in A,,",=0.12 for Ti-V, 1.3
for Zr-Rh, and 00 for Ta-Hf alloys. Therefore, the net ef-
fect due to strong coupling correction on the values of
A,,", (see Table II) might be small.

IV. SUMMARY AND CONCLUSION

We have measured in detail (JI (90 ko, T, & T &0.5
K) the upper critical fields in several liquid-quenched
metastable superconductors. Analysis is performed
within the framework of the WHHM theory using all the
data (weighted equally) in a two-parameter (a, A, , )

curve-fitting procedure. Excellent fits are obtained. The
spin-orbit scattering parameter A, , is found to be smaller

than -2.5 for the 3d and 4d alloys. Sample inhomo-
geneity is found to increase the A, , value significantly.
Otherwise, no enhancement (with the exception of one
data point in Hf-Mo) of H, z(T) above the Maki curve
(A, , = ao ) is observed. The spin-orbit scattering time is
compared favorably to data obtained from band-structure
calculation. An attempt is made to include both renor-
malization and strong coupling corrections in the data
analysis. The overall effect reduces the value of A, , by at
most a factor of -2 in our samples. The relative insensi-

tivity of renormalization correction in our alloys is prob-
ably due to the mutually compensating factors
(1 + A,, vb+ A,,t) and (1 I). A—lso, in bulk samples, orbital
pair breaking already plays a major role in determining
the upper critical field. This is different in thin films'9

where renormalization correction can have a very impor-
tant effect on the value of A,, ,
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