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The effects induced on the normal state magnetization by fluctuating Cooper pairs have been measured in
Pb1−xInx alloys up to magnetic fields aboveHC2s0d, the upper critical field extrapolated toT=0 K. Our results
show that in dirty alloys these superconducting fluctuation effects are, in the entireH−T phase diagram above
HC2sTd, independent of the amount of impurities and that they vanish whenH,1.1HC2s0d. These striking
results seem to be consistent with the limits imposed by the uncertainty principle to the shrinkage of the
superconducting wave function.
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It is now well established that in addition to their intrinsic
interest the fluctuating Cooper pairs created in the normal
state by the unavoidable thermal agitation provide a useful
tool in studying the superconducting transition.1 As a conse-
quence, the superconducting fluctuations(SCF) in the nor-
mal state have been extensively studied in low- and high-Tc
superconductors, and at present many of their main aspects
are well understood.1–3 However, the behavior of the SCF in
the normal state under strong magnetic fields, of the order of
the upper critical field extrapolated toT=0 K, HC2s0d, is still
an open problem.3,4

Here we will present measurements ofDMsT,Hd, the de-
crease induced by SCF on the magnetization in the normal
state (the so-called fluctuation-induced magnetization),5 in
Pb1−xInx alloys, with 0øxø0.45, and up to fields well above
HC2s0d. Our experiments show that independently of the su-
perconductors’ dirtinessDMsT,Hd vanishes whenH be-
comes close to 1.1HC2s0d. This striking behavior is
not accounted for by the as-published expressions for
DMsT,Hd obtained on the grounds of the existing
phenomenological1–4,6–8 or microscopic1–4,9–11 approaches.
However our analysis suggest that, as was the case at high
reduced temperatures but low fields[in low-Tc (Refs. 12–14)
and high-Tc (Refs. 13–15) superconductors], at high fields
DMsT,Hd vanishes when the superconducting coherence
length becomes of the order of the one atT=0 K (its mini-
mum value compatible with the uncertainty principle), in
spite of the fact that the magnetic field is an antisymmetric
perturbation.1

Among the available low- and high-Tc superconductors,
we choose the Pb-In alloys to study the high-field behavior
of the fluctuation-induced magnetization in the normal state
for four main reasons: i) Its entireH−T phase diagram is,
even forH@HC2s0d, easily accessible with the existing high
resolution, superconducting quantum interference device
[SQUID] based, magnetometers. ii) By changing the In con-
centration, it is possible to cover both type I and type II
superconductors and also the range from the clean to the
dirty limits. This is a crucial advantage because it has al-
lowed us to separate the “universal” magnetic field effects on
the SCF from those associated with the dynamic and non-

local electrodynamic effects, these last being strongly
material-dependent.1–4,9,13–16iii ) It is also possible to obtain
alloys with high stoichiometric quality. This is another cru-
cial advantage, because it minimizes the spurious magnetiza-
tion roundings associated withTc inhomogeneities that oth-
erwise would be entangled with the intrinsic rounding due to
the SCF. iv) The normal-state magnetic susceptibility of
these samples is almost independent ofT and H up to, at
least, 5Tc0 and 5HC2s0d. This allows a very reliable obtain-
ment of the background magnetization aroundTcsHd by lin-
ear extrapolation of the as-measuredMsTdH or MsHdT well
aboveTcsHd.

The Pb-In alloys were prepared by first melting small
pieces of the precursor Pb(Johnson Matthey, 99.9999% pu-
rity) and In (Alfa Aesar, 99.999% purity) in the appropriate
proportions, and then annealing for 10 days at 3 to 5 K be-
low the correspondingsolidus temperature of each alloy.
Other details of the samples preparation may be seen in Ref.
17. For the magnetic measurements we cut from the
samples’ inner part(more homogeneous) cylinders of typi-
cally ,6 mm diameter and,6 mm height in order to opti-
mize the available volume of our measurement system(a
commercial SQUID magnetometer, Quantum Design, model
MPMS2). Characterization by energy dispersive spectrom-
etry showed that the In concentrations matched the nominal
ones well within 10%. The relative changes in In concentra-
tion between different parts of each sample were less than
5%. Moreover, some of the samples have been electrochemi-
cally coated with Cu to eliminate the surface superconduc-
tivity betweenHC2sTd and HC3sTd, which otherwise would
complicate the analysis aboveHC2sTd for T,Tc0, the zero-
field critical temperature.16

The normal-superconducting transition temperature in
zero field,Tc0, was determined from measurements of the
field-cooled (FC) magnetic susceptibility,xFC, versus tem-
perature. Some examples are shown in the inset of Fig. 1.
These measurements were performed with an external mag-
netic field of 0.5 mT which is much smaller than the corre-
sponding lower critical magnetic field(at least for tempera-
tures farther fromTc0 than ,1 mK). The demagnetizing
effects were estimated through the ellipsoidal approximation.

PHYSICAL REVIEW B 70, 060501(R) (2004)

RAPID COMMUNICATIONS

1098-0121/2004/70(6)/060501(4)/$22.50 ©2004 The American Physical Society70 060501-1



In the main Fig. 1, theTc0 distribution for each alloy is
presented, obtained as the derivative of the corresponding
xFCsTd curve. The shaded areas represent the best fits of
Gaussian distributions expf−sT−Tc0d2/DTc0

2g /ÎpDTc0, with
Tc0 andDTc0 as free parameters. The resultingTc0 andDTc0
values are compiled in Table I. The other parameters sum-
marized in Table I were obtained from measurements of the
magnetization versus applied magnetic field at different con-
stant temperatures below the transition and from the electri-
cal resistivity versus temperature curves. For some In con-
centrations, there exist already detailed information of the
general properties of the Pb-In alloys that were summarized
in various earlier works addressing other phenomena in these
materials.17 We have checked that the data of Table I are in
excellent agreement with these previous results.

The presence of fluctuating Cooper pairs aboveTcsHd
produces a rounding of the as-measured susceptibility versus
magnetic field curves, as illustrated in Fig. 2. This example
also shows that this rounding is progressively reduced as the

applied field increases and it vanishes when the reduced
field, h;H /HC2s0d, becomes close to 1.1. These finite-field
effects may be described quantitatively through theDMshd«

curves, as the one presented in Fig. 3, which corresponds to
a temperature aboveTc0 [i.e., «.0, where«; lnsT/Tc0d is
the reduced temperature]. These results show that whenh
*0.2, DMshd« begins to decrease and forh*1.1 the
fluctuation-induced magnetization vanishes. This behavior at
high fields is confirmed by the experimental results atTc0 for
all the samples studied in this work and summarized in Fig.
4: Independently of the superconductor dirtiness and also of
their type-I or type-II character,DMshdTc0

vanishes whenh
=1.1±0.2. Another central result shown in Fig. 4 is that
when normalized byH1/2Tc0 all the DMshdTc0

data for the
different dirty alloys collapse on the same curve. In contrast,
the data for pure Pb, which is in the clean limit, are appre-
ciably lower. These last differences, that were already ob-
served in other low-Tc alloys by Tinkham and co-workers in
their pioneering measurements at low and intermediate fields
(up to h.0.6), are due to the presence of appreciable non-
local electrodynamic effects in the clean and low-k Pb.1–4,16

FIG. 1. Tc0 distribution for each of the studied Pb-In alloys, as
deduced from thexFCsTd curves normalized to21 presented in the
inset. The lines are guides for the eyes and the shaded areas repre-
sent the Gaussian distributions that best fit the data points(see the
main text for details). Percentages indicate the In concentrations of
each of the samples.

TABLE I. Main parameters of the Pb-In alloys studied in this
work. Tc0 was determined from the field-cooledMsTdH curve at
m0H=0.5mT. The Ginzburg-Landau parameterk andHC2s0d were
obtained from the reversibleMsTdH curves in the mixed state.j0

Pb

follows from j0
Pb=1.35jPbs0d, jPbs0d from j2s0d=f0/2pm0HC2s0d,

and, from measurements of the residual resistivity just aboveTc0.

In at. % Tc0 DTc0 m0HC2s0d k , j0
Pb/,

(K) (K) (T) sÅd

0 7.18 0.01 0.070a 0.30a ,53104 ,0.02

5 7.06 0.02 0.29 1.3 200 2.7

8 6.99 0.02 0.49 2.1 130 7.1

18 6.85 0.04 0.86 3.4 67 14

30 6.75 0.07 1.0 4.2 57 16

45 6.43 0.04 1.2 5.5 42 22

aExtrapolated from the values of the Pb-In alloys using the Gor’kov
theory (Ref. 1).

FIG. 2. An example, corresponding to the Pb0.55In0.45 alloy, of
the as-measured magnetic susceptibility vs applied magnetic field at
constant temperature belowTc0. The solid line is the background
susceptibility, obtained by a linear fit in a region far from the su-
perconducting transition, in this example from 2 to 3 T[i.e., from
,5HC2sTd to ,7HC2sTd].

FIG. 3. An example, corresponding to the Pb0.55In0.45 alloy, of
the reduced-magnetic-field dependence of the fluctuation-induced
magnetization, atT/Tc0=1.06 (which corresponds to a reduced-
temperature of«=6.2310−2). The upper scale shows thatDMshd«

vanishes aroundjshd«.j0. The curves correspond to different the-
oretical approaches, as explained in the main text.
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The results of Figs. 3 and 4 are particularly well adapted
to be compared to the existing phenomenological6–8 and mi-
croscopic calculations ofDMs« ,hd.9–11The dot-dashed curve
in Fig. 3 corresponds to the Prange expression forDMs« ,hd,7
which is based on the Gaussian-Ginzburg-Landau(GGL) ap-
proach and that, therefore, is only applicable at low fields
sh!1d. This curve was calculated with no free parameters,
by using the values of Table I. As may be seen in Fig. 3, at
low fields sh&0.05d where this approach is applicable
DMshd« agrees at a quantitative level with the Prange predic-
tions. This result provides then a further indication that in
this dirty superconductorDMshd« is not appreciably affected
by non-local electrodynamic effects. As it is now well
established,1–4 the Prange approach may be extended up to

intermediate fieldssh.0.1d by introducing a momentum cut-
off, which takes into account the short-wavelength fluctua-
tions. The dashed line in Fig. 3 was obtained by using the
values of Table I in the Prange expression with momentum
cutoff calculated in Ref. 18. Although the agreement is ex-
tended now up toh.0.2, this approach still fails to explain
the decrease ofDMshd« observed at higher fields.

To analyze the results of Figs. 3 and 4 in terms of the
microscopic approaches, we have chosen the expressions of
DMs« ,hd proposed by Maki and Takayama10 and by Klemm,
Beasley and Luther11 (MT-KBL theory) for the fluctuation-
induced magnetization at finite fields and for the dirty limit,
the one well adapted to the data in Fig. 3 and to most of the
data in Fig. 4. The solid curves in these figures correspond to
Eqs. (13) and (14) of Ref. 11. These last equations lead to
results very similar to the pioneering MT calculations[Eqs.
(16) and (17) of the second paper of Ref. 10]. As may be
seen in Figs. 3 and 4, the agreement with the experimental
data at low and moderate fields(up to h.0.2) is excellent.
However, there is strong disagreement at high fields.

Another remarkable aspect[which may provide a hint for
future extensions of the calculations ofDMs« ,hd to the high
field regime] of our experimental results is that, as illustrated
in Figs. 3 and 4, for the field amplitudes whereDMshd«

vanishes the GL coherence length,jshd«, becomes of the
order of j0, the actual superconducting coherence length at
T=0 K. Thejshd« /j0 scale in Figs. 3 and 4 was obtained by
usingjshd«=Î2js0dh−1/2 and alsojs0d=0.74j0, which is still
a good approximation in the dirty limit.1,2 When compared
with our previous results at low fields but at high reduced
temperatures,12–14,18this last finding already suggests that, in
spite of the antisymmetric character of the magnetic field, the
vanishing ofDMshd« may also be due to the quantum con-
straints to the shrinkage of the superconducting wave
function:13 Even aboveTc0, the superconducting coherence
length cannot be smaller than its minimum value, given by

FIG. 5. (Color online) Mea-
suredh–t phase diagram, includ-
ing the SCF abovehC2std for the
Pb0.55In0.45 alloy. The color scale
represents the fluctuation-induced
magnetization(scaled byHT) in
units of the Schmid amplitude,
AS;pm0kBjs0d /6f0

2.

FIG. 4. DMshd /H1/2Tc0 vs h at Tc0 for all the compounds stud-
ied here. The upper scale illustrates that for all the compounds the
fluctuation effects atTc0 vanish, sharply in this scale, whenjshd«

.j0 (which corresponds toh.1.1). The data for pure Pb are
strongly affected by non-local electrodynamic effects which, even
at low fields, decrease theDM amplitude.
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the uncertainty principle, the one atT=0 K (which, in fact, is
the characteristic length of the Cooper pairs1). When the
shrinkage of the superconducting wave function is due to a
magnetic field, this condition may be written asjshd«*j0,
wherej0 for each alloy is related to the one of pure Pb,j0

Pb,
by1 j0.sj0

Pb,d1/2, , being the electronic mean free path.
Such inequality directly leads to a critical reduced-field,hC,
given by hC=2sjs0d /j0d2, above which all the SCF vanish.
By using againjs0d=0.74j0, we obtainhC.1.1, in excellent
agreement with the results of Figs. 2 and 4. Asjs0d /j0 is
almost material-independent,1 the relationshipjshd«*j0 pre-
dicts that the above value ofhC will be “universal,” in strik-
ingly good agreement with the experimental results atTc0 for
all the samples studied in this work and summarized in Fig.
4.

Although our present paper is centered on the measure-
ments ofDMs« ,hd at high reduced fields, we have also mea-
sured in detail its reduced-temperature dependence in all the
samples studied here. These last experiments confirm our
previous findings obtained at low fields in other low-12–14

and high-Tc (Refs. 13 and 15) superconductors: At low fields,
DMs«dh vanishes when«.0.6, which corresponds well to
the conditionjs«dh.j0. An example of our results on the
dependence ofDMst ,hd on t and h is presented in Fig. 5,
with t;T/Tc0. This example provides an overview of the
measuredSCF effects on the normal state magnetization
above the superconducting transition in a low-Tc alloy.

In conclusion, the experimental results summarized here
provide for the first time experimental information on the
behavior of the superconducting fluctuation effects on the

magnetization at high reduced fields above any supercon-
ducting transition. These results show an unexpected behav-
ior of these fluctuation effects, which is not accounted for by
the expressions for the fluctuation-induced magnetization ex-
isting in the literature. Moreover, they suggest the relevance
in the SCF of the quantum effects associated with the shrink-
age of the superconducting wave function at high fields. We
note also that, although our experiments have been done in
low-temperature superconductors, the overview for the SCF
given in Fig. 5 could apply in principle to cuprate supercon-
ductors, which are extremely type II superconductors also
unaffected by non-local effects. However, this last sugges-
tion obviously needs further experimental verification, in
particular in view of the recent observation of anomalous
thermomagnetic effects well aboveTcsHd in some under-
doped cuprates.19 Other open questions are the SCF in pres-
ence of magnetic order(our present results suggest the ro-
bustness of the SCF against this antisymmetric perturbation)
or the relationships between the vanishing of the SCF when
jshd«.j0 and the MT microscopic approach10 if the zero-
point fluctuations are taken into account.
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