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Diverging Characteristic Lengths at Critical Disorder in Thin-Film Supercondnctors

A. F. Hebard and M. A. Paalanen
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(Received 22 January 1985)

The characteristic lengths associated with the flux-flow resistance and with the critical fields mea-
sured at the vortex-antivortex transition temperature of thin-film In/InO„composites have been
found to be approximately equal and to diverge simultaneously near critical disorder where super-
conductivity disappears. The observed disorder-induced enhancement of the vortex mobility can-
not be explained by the dirty-limit formula for the coherence length when used within the context
of the Bardeen-Stephen description for vortex dissipation.

PACS numbers: 74.40. +k, 73.60.Ka

Recent experimental efforts to characterize the ef-
fect of disorder on the resistive transition of thin-film
superconductors' 4 have been primarily concerned
with the high-temperature paraconductivity regime
where fluctuations in the magnitude of the order
parameter are important. These efforts include mea-
surements of the disorder-induced trends in the
mean-field transition temperature T,p,

' 3 the upper
critical field H, 2 ( T), ' and the inelastic electron
scattering rates extracted from magnetoconductance
behavior. 4 The prevailing theoretical interpretation is
that superconductivity is weakened and T,o lowered by
the enhanced Coulomb repulsion and depressed densi-
ty of states at the Fermi level usually associated with
atomic disorder. 5

Equally interesting are the corresponding disorder-
induced effects in the low-temperature region of the
resistive transition where fluctuations in the phase of
the order parameter are driven by thermally excited
vortices giving rise to a vortex-antivortex phase tran-
sition at a temperature T, . In this Letter we address
this heretofore ignored problem of how disorder weak-
ens and eventually destroys vortex fluctuations in thin
two-dimensional films. For a series of five films with
increasing amounts of disorder, as measured by the
room-temperature normal-state resistance Rz, we
present experimental evidence that the "vortex-core"
characteristic length g, (T,), derived from flux-flow
resistance measurements taken at T= T„undergoes a
pronounced divergence near critical disorder where
superconductivity disappears ( T, 0). A second
characteristic length, the Ginzburg-Landau length
go„( T, ) derived independently from H, 2 measurements
at T= T„ is found to behave a similar fashion. Given
the assumption of the validity of the Bardeen-Stephen
model7 for. vortex dissipation, it is found that the
temperature-dependent factors in the dirty-limit for-
mula for the coherence length cannot account for the
observed divergence.

Figure 1 is a plot on logarithmic axes of the zero-
field (H = 0) resistive transitions of five different
100-A-thick In/InO„ films which have been prepared
in different oxygen arnbients and which have a com-
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FIG. 1. Logarithmic plot of resistive transitions at H=0
for five films with T,p ( 1 ) and T, ( 1 ) indicated for each
film.

posite amorphous microstructure. The rapid decrease
in T,p (downward-directed arrows) with increasing Rz
together with the pronounced crossover from super-
conducting to insulating behavior near f/e2 have been
reported previously. Film a of Fig. 1 is film b of Ref.
3. The films of Fig. 1 represent a set of films for
which measurements of T p, T, R~, H 2( T, ), and the
flux-flow resistance have been obtained. Aslamazov-
Larkin theory9 fits to the zero-field resistive transitions
have been used to determine T,p.

'P The omission of
the Maki-Thompson contribution in this procedure has
been shown in earlier investigations"' to be justified
for films with high R~. The critical field H, 2 has been
defined'3 as that field necessary to create a resistance
in the sample equal to the resistance measured at T,p.

More central to the purpose of this paper is the
determination of T, which for each of the five films in
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Fig. 1 is represented as an upward-directed arrow. In
earlier workto '4 on similar films with less disorder
( T, & 1.8 K) excellent agreement with the predictions
of the Kosterlitz-Thouless theory was found by extrac-
tion of power-law exponents from the nonlinear
current-voltage characteristics taken at H = 0. These
techniques are precluded in the present films with
lower T, because of the rapid onset of heating effects
associated with the weaker superconducting coupling.
We have observed, however, that for all the films of
Fig. 1 there is a unique temperature, which we identify
as T„at which the resistance is linear in H. Experi-
mentally our justification for making this identification
is based on earlier work on the flux-flow characteristics
of higher- T, filmsto together with H = 0 current-
voltage measurements on films c and d at T, which
give power-law exponents over a limited range (only
one decade in voltage for film d not inconsistent with
the expected theoretical value of —3. The unique-
ness of this identification is common to all of our films
and is shown, for example, in the R vs H isotherms for
film d in Fig. 2. The inset is a plot of the correspond-
ing slopes as a function of T with the unity (dashed
line) intercept defining T, (vertical arrow). For
T & T, the measurements have been taken for T suffi-
ciently close to T, so that the resistance due to ther-
mally excited vortices is negligible. The power-law ex-
ponent is greater than unity for T ( T, because of the
screening of the interaction between bound pairs by
the field-induced vortices. The low-field contributions

to the magnetoresistance of the Maki-Larkin and
Aslamazov-Larkin terms4 are quadratic in Hand hence
appear to have no effect on the near-linear flux-flow
characteristics in Fig. 2 close to T, .

By setting of the viscous drag force equal to the
Lorentz force, the equation for flux-flow sheet resis-
tance9 can be written in the form

where p,„ is the vortex mobility, X„ the areal density
of thermally excited and/or field-induced vortices, and
@o the flux quantum. At T= T„where H is suffi-
ciently high so that thermally excited vortices can be
ignored (i.e. , Ã„= H/@o), Eq. (1) can be used to infer
a vortex mobility p, „(T,) = c @0 '(dR/dH) ~T directly
from the flux-flow resistance measurements. The ra-
pid increase in p, „(T,) with decreasing T, shown in
Fig. 3 (open squares) is thus directly related to the ob-
served rapid increase of (dR/dH) ~T. The physical
picture suggested by these data is that localization and
interaction effects are causing the vortex cores to be-
come more insulating, hence reducing the dissipation
in the cores for fixed vortex velocity.

A surprising aspect of our data is revealed by a com-
parison of the two characteristic lengths (oL(T, ) and
(,( T, ), defined respectively by the relations

(2)

and

$2(T, ) = foe (dR/dH) ~T/27rt. (3)
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FIG. 2. Logarithmic plot of flux-flow isotherms for film

d. The temperature-dependent slopes are shown in the in-
set, with T, occurring at unity slope (dashed line).

FIG. 3. Vortex mobility p, „(T,) (open squares) and dif-
fusivity D„(T,) (open circles) plotted vs T, for films a —e.
The electron diffusivity D is indicated on the right-hand
axis. The solid and dashed lines are guides to the eye.
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Equation (2) is the well-known relation9 between the
Ginzburg-Landau length gGL( T, ) and H, 2(T, ). Equa-
tion (3) is suggested by the Bardeen-Stephen model7
result for the vortex mobility

(4)

where we have, however, replaced A~ by the combina-
tion of fundamental constants h/e2 = 4114 A/ . This
replacement emphasizes the occurrence of critical dis-
order at RJv

——8'/e (Fig. 1 and Ref. 3) and appears jus-
tified because of the slow variation ( & 20%) in R~
shown in Table I. By contrast the respective variations
from film a to film e of H, 2(T, ) from 12960 to 414
Oe and of (dR/dH) ~T from 0.25 to 13.95

Oe ' are much more rapid. In spite of these rapid
variations in H, 2(T, ) and (dR/dH) ~r the characteris-

tic lengths calculated from Eqs. (2) and (3) and shown
in Table I turn out to be roughly equal and to diverge
simultaneously with increasing disorder ( T, 0).
This equality is essentially a consequence of the experi
mental result that H, 2(T, ) decreases and (dR/dH) IT

increases with increasing disorder in such a way that
the product of these quantities is approximately con-
stant and on the order of tt/e2.

It is instructive to explore the consequences of the
assumption that the experimentally determined length
(', (T, ) discussed above is a measure of the vortex-
core size and that the Bardeen-Stephen result for
p, „(T, ) [Eq. (4) evaluated at T= T, 1 is appropriate
near critical disorder. Accordingly, when the formula9
for the square of the dirty-limit coherence length (d, ,

together with the BCS relationship b, (0) =1.76kaT, O

for the zero-temperature energy gap b, (0) of the disor-
dered superconductor, is inserted into Eq. (4), then
the resulting temperature-dependent factor ( T,o—T, ) ' calculated by use of the Table I entries is
found to account for only 3% of the total rise in
p, „(T,) plotted in Fig. 3. This argument assumes con-

stant electron diffusivity D. Although the ad hoc re-
placement of A(0) by ka T, in Eq. (5) gives a more sa-
tisfactory agreement it still accounts for less than 50%
of the rise. The dirty-limit values for the core size
gd, ( T, ), calculated from Eq. (5) with 5 (0)= 1.76ka T o and D = 0.18 cm /sec and listed in the
final column of Table I, reveal explicitly the signif-
icantly weaker dependence of gd~( T, ) on disorder than
found by the directly measured dependences of
goL(T, ) and g, (T, ). To our knowledge there is at
present no theory which deals with a disorder-induced
enhancement of g, (T,).' One possible interpreta-
tion, consistent with the use of Eq. (5), is that the BCS
relation 6 (Q) = 1.76kB T p does not hold and hence the
disorder-induced reduction in b, (Q) is greater than the
disorder-induced reduction in T,o.

In the easily understood limit of weak disorder
where ( T, & T,o) we can comfortably use the BCS re-
lation b, (0) =1.76k&T,o and the Kosterlitz-Thouless
Prediction6 to T,/T, o= (1+0.173m, e2RJv/t) ', togeth-
er with Eqs. (4) and (5), to evaluate the vortex dif-
fusivity D„(T, ) = p, „(T, ) ka T, = I 46D/e, . The ex.per-
imental value of the vortex dielectric constant e, at T,
has been found in previous work to be slightly larger
than unity. ' Interestingly, the experimental values
for D„(T, ) determined from the entries of Table I and
plotted as circles in Fig. 3 are in fact quite close to the
value D = 0.18 cm /sec (indicated by an arrow in Fig.
3) inferred from H, 2 measurements, 3 hence support-
ing the notion that (, is a measure of the vortex-core
size and that these cores can diffuse no faster than
their normal electron constituents. A similar result
has been reported for He films. '

Finally, at critical disorder, pair-breaking processes
occurring on a time scale comparable to the inelastic
electron scattering time r; should suppress vortex fluc-
tuations when t/7; = ka T, . One might expect that this
occurs when there is a crossover in length scales, that
is when (2= Dr, , where (D7-, )' 2 is the inelastic elec-
tron diffusion length, a quantity which decreases with
increasing disorder. This crossover in length scales

TABLE I. Experimentally determined parameters for the five films discussed in the
text. The Ginzhurg-Landau length joL, determined from H, 2 measurements, the vortex-
core size &„ determined from flux-flow measurements, and the dirty-limit coherence
length (d~, calculated from Eq. (5), are all evaluated at T = T,

Film

Tc

(K)

TCO

(K)

FGL

(A)

6c

(A)
4i

(A)

1.025
0.542
0.286
0.098
0.075

1.451
0.973
0.636
0.352
0.326

2900
3394
3240
3440
3454

159
210
290
713
892

142
238
269
854

1057

113
113
125
147
148



VOLUME 54, NUMBER 19 PHYSICAL REVIEW LETTERS 13 MAY 1985

implies that at critical disorder the maximum vortex
areal density N„= (Dr;) ', so that the maximum
flux-flow resistance, calculated from Eq. (1) together
with the approximations D = D„and h/r; —kqT„ is
on the order ofh/ez, as found by experiment (cf. hor-
izontal arrow in Fig. 1).
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