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Experimental observation of the breakdown by a magnetic field of the superconducting
fluctuations in the normal state
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The effects induced on the normal state magnetization by fluctuating Cooper pairs have been measured in
Pb,_,In, alloys up to magnetic fields abo¥&-,(0), the upper critical field extrapolated T6=0 K. Our results
show that in dirty alloys these superconducting fluctuation effects are, in the Entifgohase diagram above
Hco(T), independent of the amount of impurities and that they vanish wherl.1H-,(0). 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 local electrodynamic effects, these last being strongly
interest the fluctuating Cooper pairs created in the normainaterial-dependent*213-1jii) It is also possible to obtain
state by the unavoidable thermal agitation provide a usefudlloys with high stoichiometric quality. This is another cru-
tool in studying the superconducting transittoAs a conse- cial advantage, because it minimizes the spurious magnetiza-
quence, the superconducting fluctuati@S<hH in the nor-  tion roundings associated witfy, inhomogeneities that oth-
mal state have been extensively studied in low- and fAigh- erwise would be entangled with the intrinsic rounding due to
superconductors, and at present many of their main aspedise SCF. iy The normal-state magnetic susceptibility of
are well understood:® However, the behavior of the SCF in these samples is almost independentToind H up to, at
the normal state under strong magnetic fields, of the order deast, 9, and FH,(0). This allows a very reliable obtain-
the upper critical field extrapolated T16=0 K, Hc,(0), is still  ment of the background magnetization arodntH) by lin-
an open probler! ear extrapolation of the as-measuddT),, or M(H); well

Here we will present measurements¥(T,H), the de-  apoveT,(H).
crease induced by SCF on the magnetization in the normal The Pp-In alloys were prepared by first melting small
state (the so-called fluctuation-induced magnetizatjorin  pieces of the precursor Rohnson Matthey, 99.9999% pu-
Pb,_In, alloys, with 0<x=0.45, and up to fields well above rity) and In(Alfa Aesar, 99.999% purityin the appropriate
Hc(0). Our experiments show that independently of the suproportions, and then annealing for 10 days at 3 to 5 K be-
perconductors’ dirtinessA\M(T,H) vanishes whenH be-  |ow the correspondingolidus temperature of each alloy.
comes close to 1Hc,(0). This striking behavior is Other details of the samples preparation may be seen in Ref.
not accounted for by the as-published expressions fol7. For the magnetic measurements we cut from the
AM(T,H) obtained on the grounds of the existing samples’ inner partmore homogeneousylinders of typi-
phenomenologicat*®-8 or microscopi¢=*°-1! approaches. cally ~6 mm diameter and-6 mm height in order to opti-
However our analysis suggest that, as was the case at highize the available volume of our measurement systam
reduced temperatures but low fields low-T; (Refs. 12-1%  commercial SQUID magnetometer, Quantum Design, model
and highT, (Refs. 13-15 superconductots at high fields MPMS2). Characterization by energy dispersive spectrom-
AM(T,H) vanishes when the superconducting coherencetry showed that the In concentrations matched the nominal
length becomes of the order of the oneTat0 K (its mini-  ones well within 10%. The relative changes in In concentra-
mum value compatible with the uncertainty principlen  tion between different parts of each sample were less than
spite of the fact that the magnetic field is an antisymmetric%. Moreover, some of the samples have been electrochemi-
perturbation- cally coated with Cu to eliminate the surface superconduc-

Among the available low- and highs superconductors, tivity betweenHc,(T) and Hes(T), which otherwise would
we choose the Pb-In alloys to study the high-field behaviocomplicate the analysis abow-,(T) for T<T,, the zero-
of the fluctuation-induced magnetization in the normal statefield critical temperaturé®
for four main reasons)ilts entireH-T phase diagram is, The normal-superconducting transition temperature in
even forH>Hc,(0), easily accessible with the existing high zero field, T, was determined from measurements of the
resolution, superconducting quantum interference devicéield-cooled(FC) magnetic susceptibilityy™©, versus tem-
[SQUID] based, magnetometers). By changing the In con- perature. Some examples are shown in the inset of Fig. 1.
centration, it is possible to cover both type | and type |l These measurements were performed with an external mag-
superconductors and also the range from the clean to theetic field of 0.5 mT which is much smaller than the corre-
dirty limits. This is a crucial advantage because it has alsponding lower critical magnetic fielgt least for tempera-
lowed us to separate the “universal” magnetic field effects onures farther fromT,, than ~1 mK). The demagnetizing
the SCF from those associated with the dynamic and noreffects were estimated through the ellipsoidal approximation.
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the as-measured magnetic susceptibility vs applied magnetic field at
FIG. 1. Ty, distribution for each of the studied Pb-In alloys, as constant temperature beloW,. The solid line is the background
deduced from thaF<(T) curves normalized te-1 presented in the ~Susceptibility, obtained by a linear fit in a region far from the su-
inset. The lines are guides for the eyes and the shaded areas repR&rconducting transition, in this example from 2 to 3ie., from
sent the Gaussian distributions that best fit the data peiesthe  ~5Hca(T) to ~7Hco(T)].

main text for details Percentages indicate the In concentrations of ) ) . ) .
each of the samples. applied field increases and it vanishes when the reduced

field, h=H/H,(0), becomes close to 1.1. These finite-field

In the main Fig. 1, theT,, distribution for each alloy is effects may be described quantitatively through Aé(h),
presented, obtained as the derivative of the correspondingurves, as the one presented in Fig. 3, which corresponds to
X"S(T) curve. The shaded areas represent the best fits @f temperature abovEy [i.e., e>0, wheree=In(T/Ty) is
Gaussian distributions ekp(T— T2/ AT2]/\V7AT,, with  the reduced temperatyreThese results show that whén
T, andAT,, as free parameters. The resultig andAT,,  =0.2, AM(h), begins to decrease and fdr=1.1 the
values are compiled in Table I. The other parameters sunfluctuation-induced magnetization vanishes. This behavior at
marized in Table | were obtained from measurements of th&igh fields is confirmed by the experimental result3 atfor
magnetization versus applied magnetic field at different conall the samples studied in this work and summarized in Fig.
stant temperatures below the transition and from the electri4: Independently of the superconductor dirtiness and also of
cal resistivity versus temperature curves. For some In cortheir type-I or type-Il charactedM(h)r_ vanishes wherh
centrations, there exist already detailed information of the=1.1+0.2. Another central result shown in Fig. 4 is that
general properties of the Pb-In alloys that were summarizedhen normalized byH?T,, all the AM(h)TcO data for the
in various earlier works addressing other phenomena in thesgifferent dirty alloys collapse on the same curve. In contrast,
materials'’ We have checked that the data of Table | are inthe data for pure Pb, which is in the clean limit, are appre-
excellent agreement with these previous results. ciably lower. These last differences, that were already ob-

The presence of fluctuating Cooper pairs abdwéH)  served in other lowF, alloys by Tinkham and co-workers in
produces a rounding of the as-measured susceptibility versukeir pioneering measurements at low and intermediate fields
magnetic field curves, as illustrated in Fig. 2. This examplgup to h=0.6), are due to the presence of appreciable non-
also shows that this rounding is progressively reduced as thecal electrodynamic effects in the clean and levirb1~*16

TABLE |. Main parameters of the Pb-In alloys studied in this &h) /g
work. T, was determined from the field-cooléd(T), curve at 4 2 81 0 08
uoH=0.5mT. The Ginzburg-Landau parameteand Hc,(0) were [ J ! ! ]
obtained from the reversiblel(T)y curves in the mixed statqgb | GGL (Prange) Pb, 1Ny s |

follows from &P°=1.35%"%0), £X0) from £(0)= ¢/ 2 poHc(0),

€ 01} JV GGL (Prange with cutoff) J
and (¢ from measurements of the residual resistivity just abbye < 7 / y
g [/
Inat. % To ATeo moHo0) & ¢ &bre §<.' [ /40, 00 MT-KBL (dirty limit) _
K (K M &) 06 T/Tep =1.06 |
o Or\_n_.r\._h
0 7.18 001 00® 03¢ ~5x10* ~0.02 0.0 —r—m—m s
0.0 0.5 1.0 1.5 2.0
5 7.06 0.02 0.29 1.3 200 2.7 h
8 6.99 0.02 0.49 21 130 7.1
18 6.85 0.04 0.86 3.4 67 14 FIG. 3. An example, corresponding to thegR¥ng 45 alloy, of
30 6.75 0.07 1.0 4.2 57 16 the reduced-magnetic-field dependence of the fluctuation-induced
45 6.43 0.04 1.2 5.5 42 2 magnetization, afl/T,=1.06 (which corresponds to a reduced-

temperature ok=6.2X 1072). The upper scale shows thAM(h),
8 xtrapolated from the values of the Pb-In alloys using the Gor’kovvanishes around(h), = &. The curves correspond to different the-
theory (Ref. 1). oretical approaches, as explained in the main text.
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intermediate field$h=0.1) 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 | in the Prange expression with momentum
cutoff calculated in Ref. 18. Although the agreement is ex-
tended now up tdn= 0.2, this approach still fails to explain
the decrease aiM(h),. 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

AM(e,h) proposed by Maki and Takayaffand by Klemm,
Beasley and Luthét (MT-KBL theory) for the fluctuation-
induced magnetization at finite fields and for the dirty limit,
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FIG. 4. AM(h)/HY2T, vs h at T, for all the compounds stud-

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
Egs. (13) and (14) of Ref. 11. These last equations lead to
results very similar to the pioneering MT calculatioiiys.

ied here. The upper scale illustrates that for all the compounds thel6) and (17) of the second paper of Ref. L0As may be

fluctuation effects aff, vanish, sharply in this scale, wheih),
=& (which corresponds tthv=1.1). The data for pure Pb are

seen in Figs. 3 and 4, the agreement with the experimental
data at low and moderate fieldsp to h=0.2) is excellent.

strongly affected by non-local electrodynamic effects which, everHowever, there is strong disagreement at high fields.

at low fields, decrease theM amplitude.

Another remarkable aspefthich may provide a hint for
future extensions of the calculations ®M(e,h) to the high

The results of Figs. 3 and 4 are particularly well adaptedield regimég of our experimental results is that, as illustrated

to be compared to the existing phenomenolo§idand mi-
croscopic calculations afM(e,h).>1* The dot-dashed curve
in Fig. 3 corresponds to the Prange expressiom\di(s,h),’
which is based on the Gaussian-Ginzburg-Lan@a@L) ap-

in Figs. 3 and 4, for the field amplitudes whefM(h),
vanishes the GL coherence lengtfth),, becomes of the
order of &, the actual superconducting coherence length at
T=0 K. Theé&(h)./ &, scale in Figs. 3 and 4 was obtained by

proach and that, therefore, is only applicable at low fieldsusing &(h),=12&0)h 2 and also&(0)=0.74%,, which is still
(h<1). This curve was calculated with no free parametersg good approximation in the dirty limi2 When Compared

by using the values of Table I. As may be seen in Fig. 3, alvith our previous results at low fields but at high reduced
low fields (h=0.05 where this approach is applicable temperature$?-1418this last finding already suggests that, in
AM(h), agrees at a quantitative level with the Prange predicspite of the antisymmetric character of the magnetic field, the
tions. This result provides then a further indication that invanishing ofAM(h), may also be due to the quantum con-
this dirty superconductakM(h), is not appreciably affected straints to the shrinkage of the superconducting wave
by non-local electrodynamic effects. As it is now well function® Even aboveT,, the superconducting coherence
established;* the Prange approach may be extended up tdength cannot be smaller than its minimum value, given by

g§h°) =&,

2; Normal
s nara state -AMMT
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C
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‘OIN tC~1 8 FIG. 5. (Color onling Mea-
IO % . suredh—t phase diagram, includ-
= ing the SCF abové,(t) for the
T 0.1 rmal state with % 0 Phy.sdng 45 alloy. Thgzcolor scale
il : rconducting % 10 represents the fluctuation-induced
< . i / magnetization(scaled byHT) in
1h (t) /? units of the Schmid amplitude,
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the uncertainty principle, the one B0 K (which, in fact,is  magnetization at high reduced fields above any supercon-
the characteristic length of the Cooper pgirdVhen the ducting transition. These results show an unexpected behav-
shrinkage of the superconducting wave function is due to gor of these fluctuation effects, which is not accounted for by
magnetic field, this condition may be written &), =&,  the expressions for the fluctuation-induced magnetization ex-
whlerego fogbeei/czh alloy is related to the one of pure B, isting in the literature. Moreover, they suggest the relevance
by fo.z (£ O ’ _€ being the electrt_)_nlc mean fre(_a path. iy the SCF of the guantum effects associated with the shrink-
S.UCh 'Qeﬂgﬁlgy d(;r?Ctlg Ie%ds to ?prr']t'cﬁl Leduscé’g'fma” h age of the superconducting wave function at high fields. We
gven_ yh==. (SE) )_ 50)7’ above t\;\'i I-Chca~1tle- Wﬁn'st " note also that, although our experiments have been done in
y using agaire(0) =0.745, we obtainh “=1.1, in excellen low-temperature superconductors, the overview for the SCF

agreement with the results of Figs. 2 and 4. #8)/&, is . T T
almost material-independehthe relationshigg(h), = &, pre- given in Fig. 5 could apply in principle to cuprate supercon-
N ductors, which are extremely type Il superconductors also

dicts that the above value of will be “universal,” in strik- )
ingly good agreement with the experimental result§.gfor unaffected by non-local effects. However, this last sugges-

all the samples studied in this work and summarized in Figtion obviously needs further experimental verification, in
4 particular in view of the recent observation of anomalous

Although our present paper is centered on the measuréghermomagnetic effects well abovE(H) in some under-
ments ofAM(e, h) at high reduced fields, we have also mea-doped cuprate¥ Other open questions are the SCF in pres-
sured in detail its reduced-temperature dependence in all thénce of magnetic ordeiour present results suggest the ro-
samples studied here. These last experiments confirm oWustness of the SCF against this antisymmetric perturbation
previous findings obtained at low fields in other loW='* o the relationships between the vanishing of the SCF when

and highT, (.Refs. 13 and 1ﬁsuperqonductors: At low fields, &h),= & and the MT microscopic approaéhif the zero-
AM(e)y, vanishes wherz=0.6, which corresponds well to point fluctuations are taken into account.

the conditioné&(e),= &, An example of our results on the
dependence oAM(t,h) ont andh is presented in Fig. 5, We thank Professor J. B. Goodenough and Professor K.
with t=T/T,,. This example provides an overview of the Maki for their helpful remarks. We acknowledge the finan-
measuredSCF effects on the normal state magnetizationcial support from the ESF “Vortex” Program, the CICYT,
above the superconducting transition in a [®walloy. Spain, under Grant Nos. MAT2001-3272 and MAT2001-
In conclusion, the experimental results summarized her8053, the Xunta de Galicia under Grant Nos.
provide for the first time experimental information on the PGIDTO1PXI20609PR, and Union Fenosa under Grant No.
behavior of the superconducting fluctuation effects on the220/0085-2002.
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