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UPPER CRITICAL FIELDS OF TRANSITION METAL ALLOY SUPERCONDUCTORS*
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The persistence of superconductivity at very high
magnetic fields has commonly been attributed'~ to
the existence of a network of small cross-section
"high-critical-field" supercur rent-carrying fila-
ments (possibly associated with dislocationsmP)
embedded in a matrix of low-critical-field mate-
rial. Vfe present below an alternative interpreta-
tion based on (1) pulsed-magnetic-field data on the
low-current-density resistive critical fields H~(J
& 10 A/cm~) of concentrated transition metal al-
loys, (2) the Ginzburg-Landau-Abrikosov-Gor'kov
(GLAG) theory, ~ and (3) a paramagnetically lim-
ited critical-field criterion due to Clogston. ' The
arguments set forth add weight to evidence already
cited by Goodmane in support of a negative-surface-
energy picture for alloy superconductors with short
electronic mean free path.

The data of Fig. 1, which are typical of results
obtained on several cold-rolled alloys, show that

for low-current densities (J&10 A/cm') a detecta-
ble resistance (-5% of the normal state resistance
in this study) appears at a magnetic field which is
nearly independent of (1) the amount of cold work-
ing and (2) the relative orientations of H, J', and
the rolling plane (which apparently determines the
orientation of an anisotropic defect structure hav-
ing considerable influence on B~ at higher current
densities' ~"). Although (1) might be interpreted
via a filamentary model, m&~i' the evidence (1) and
(2) may, on the other hand, indicate that H„(J
&10) is a parameter which is simply related to the
electronic character of the bulk alloy superconduc-
tor quite independent of dislocation considerations.
The latter possibility is supported by the data of
Fig. 2, which show that for alloys in the systems
Ti-V, Ti-Nb, Zr-Nb, and Ti-Mo, H (J=10, T
=1.2'K) is a smoothly varying function of the av-
erage number of "valence" electrons per atom
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FIG. 1. Typical illustrations of the independence of
P~ (J& 10) upon cold working and relative orientations
of P, J, and rolling plane (RP) defect structure. The
ratios indicate cold-rolling thickness reductions; heavy
lines represent steady-field data; and the dashed line is
an approximate representation based on observed resist-
ance transitions.

FIG. 2. H~ (J=10, 1'=1.2'K) vs average valence elec-
tron concentration for cold-rolled alloys in the systems
Ti-V, Ti-Nb, Zr-Nb, and Ti-Mo. Comparison is made
with P~2 and H& calculated, respectively, according to
the GLAG theory [Eq. (3)] and Clogston's correlation
CEq. (4)]. Vertical lines indicate approximate alloy
phase stability limits.
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where flux penetration is complete and a second-
order transition to the normal state occurs. "
Gor'kov' has suggested that when the electronic
mean free path is much less than the Bardeen-
Cooper-Schrieffer" (BCS) coherence length, $o,
then

K=7.53xy0' p y'~
8 (2)

where y is expressed in erg cm ~ deg 2, and p~
(the normal state resistivity) is expressed in ohm-
cm. From Eqs. (1) and (2) and the approximations
y T/c,H=0. 17 [Eq. (3.40) of BCS] and Hc =Ho
x [1 - (T/Tc)2], it follows that

H =2.58x10 p yT [1 -(T/T ) ].
C2 Pl C C

(3)

For values of p~, y, and T typical of Group IV-
Group V transition metal alloys, this equation pre-
dicts a pronounced peaking in Hc (much more pro-
nounced in fact than in y, Hc, or Tc) between 4 and
5 e/a 'in qualitative accord with our experimental
results on H~ (J=10, T=1.2'K), Fig. 2. Further-
more, for concentrated alloys, p„, y, and T, and
consequently H~~, should be relatively independent
of the degree of cold working, in accord with the
behavior of H„(J=10) in Fig. l.

A more direct comparison between theory and
experiment is possible for Ti-Mo and Ti-V alloys.

e/a. The peaking evident for three of these sys-
tems between 4 and 5 e/a also occurs typically
for such nondislocation-controlled alloy param-
eters as critical temperature T, thermodynamic
critical field H~, and electronic specific heat co-
efficient y.

The GLAG theory predicts that the high-field
super-normal transition in an alloy superconduc-
tor should occur at a field determined by just such
bulk electronic parameters. According to this the-
ory there exist two classes of superconductors dis-
tinguishable on the basis of their respective val-
ues for the coupling parameter ~ of the Ginzburg-
Landau theory. ' For concentrated alloys, where
e & I/vY, magnetic-field penetration into the bulk
of the material commences at a field H, &H~
forming a macroscopically uniform "mixed state"
characterized, according to Abrikosov, 6 by a reg-
ular lattice array of quantized supercurrent vor-
tices (analogous in some respects to the superflu-
id vortices thought to occur in He II") extending
throughout the bulk of the material. " This mixed
state persists to an "upper critical field, '"'

H =~gH,
C2 C

Using the present pulsed-field resistivity data (p )
and the calorimetric data (y, Tc) of Hake" on Ti-
Mo alloys and Cheng et al. '9 on Ti-V alloys, we
have calculated values of Hc, (T= 1.2'K) from Eq.
(3). These values are compared with H~ (J = 10,
T= 1.2'K) in Fig. 2. Fair quantitative accord is
obtained except in the vicinity of 4.3 to 4. 5 e/a in
the Ti-V system where the maximum discrepancy
approaches a factor of two.

The failure of Eq. (3) for Ti-V alloys in this
composition range might be attributed to the ne-
glect in the GLAG formulation of paramagnetic
free energy terms. As pointed out by Pippard
and Heine, 'o the energy gain 2pBH (wher. e p, B is
the Bohr magneton) resulting from electron spin
alignment along H should become important in
fields of the order of 100 kilogauss, where it be-
gins to approximate the opposite-spin-paired su-
perconducting state gap energy 2eo = 3.5 k T&. That
this circumstance might impose a limitation on
high-field superconductors was noted independently
by Chandrasekhar" and Clogston. ' For T/Tc «I,
Clogston has estimated an approximate paramag-
netically limited critical field,

H =(e /v2 y. )[1-(T/T ) ]=1.84x10 T [1-(T/T )2],
p 0 B C C

(4)
simply by equating the usual super-normal free-
energy difference Hc'/8m to the Pauli paramag-
netic energy ,'ypHp = pB'N(E —F)Hp, where N(EF)
is the electronic density of states at the Fermi
level. (Because H is merely a limiting value,
the magnetic-fiel dependence of co is not consid-
ered. ) A more rigorous derivation would encoun-
ter uncertainties arising from (1) the nonvanishing
Knight shift in superconductors and (2) diamagnet-
ic, exchange, and correlation contributions to the
susceptibility. Nevertheless, in Fig. 2 we com-
pare values of H calculated from Eq. (4) with H~
(J'=10, T= 1.2'K .'~ It appears that paramagnetic
energy considerations are relatively unimportant
for the Group V-rich alloys, for which p„ is rel-
atively low, and H~ (J= 10, T = 1.2'K) values are
probably in fair accord with Eq. (3). However,
for the Group IV-rich alloys, Hp so closely ap-
proximates H~ (J= 10, T= 1.2'K) as to suggest
that a firm theoretical basis for the introduction
of paramagnetic energies into the GLAG formu-
lation should be sought.

The above considerations suggest that the GLAG
theory may serve as a first approximation in ac-
counting for the properties of high-field alloy su-
perconductors. Aside from modification to include
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paramagnetic energies, extensions of the theory
are required to take account of the effect of trans-
port supercurrents, and to explain the ability of
extended lattice defects in alloy superconductors
to cause the typical (1) flux trapping s and (2) crit-
ical current enhancement, anisotropy, and "peak
effect'" at large transport supercurrent densities
(all apparent in Fig. 1). Attempting an analogy
with the trapping of superfluid vortices on wires
in He II,"one may speculate that extended lattice
defects (especially dislocations) might serve as
supercurrent vortex anchors. 4 Such stabilization
of the flux-enclosing vortex structure might allow
flux trapping and relatively large high-field crit-
ical currents.

A more detailed description of this work will be
published elsewhere, along with additional data on
the similarly behaving systems Ti-Ta, Hf-wb, and
Hf-Ta.
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