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Evidence for nonlocality and the crossover from nonlocal to local behavior near the critical
temperature in superconducting metals
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We have performed high precision measurements of the temperature dependence of the magnetic penetration
depthl(T) in pure aluminum and cadmium samples. These superconductors and most of the other supercon-
ducting metals are predicted to be in the nonlocal limit of electrodynamics. However, most previous experi-
mental works onl(T) in Al reported large deviations from the expected nonlocal behavior. Here we present
experimental data which agree remarkably well with theory, giving very strong evidence that nonlocal super-
conductivity indeed occurs in both Al and Cd. More strikingly, the cadmium data are consistent with the
existence of the crossover from nonlocal to local behavior predicted to occur in all superconductors nearTc .
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For the last three decades it has been assumed, wit
doubts, that pure aluminum is an extreme Pippard~nonlocal!
superconductor, because its coherence lengthj0 is much
larger than its magnetic penetration depthl(0) @k
5l(0)/j0'0.03#. Aluminum in fact has become the class
example of a nonlocal superconductor, and it is very of
used as a reference for calibration purposes and theore
comparisons. However, nonlocality in superconducting
surprisingly has not been confirmed experimentally. T
most recent experimental works on the temperature de
dence of the penetration depth in Al reported that the data
not agree with the behavior predicted by the nonlocal B
theory.1,2 Tedrow et al.1 went further and analyzed the da
from all previous experiments. They found that such d
agree with their own and that all the data were close to
local BCS prediction. More recently, Signoreet al.,3 in a
penetration depth study on UPt3 where Al was used as
reference, reported that the temperature dependence ofl in
pure Al fitted very well the nonlocal BCS expression in al
vs T graph. However this result should be taken with ca
because it can be shown that in this type of plot both
local and nonlocal BCS approximation can fit equally w
the data. Remarkably no attention has been paid to this
tradiction between experiment and theory for many years
spite of the fact that such contradiction questions the bas
the electrodynamics of a superconductor.

Even in clean superconductors for whichl(0)/j0!1,
nonlocality is not expected to occur throughout the tempe
ture range belowTc . It has been predicted in classic tex
books thatall superconductors become local very close toTc
wherel(T).j0.4,5 To our knowledge, such a crossover h
never been observed. Here we present high precision m
surements of the temperature dependence of the mag
penetration depthl(T) in Al and Cd down to 30 mK. Cad-
mium is a superconductor in the intermediate nonlocal ra
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(k;0.5). We find that for both elements the temperatu
dependence of the magnetic penetration depth is in exce
agreement with the prediction of nonlocal BCS electrod
namics, and that the high resolution Cd data display
crossover from nonlocal to local behavior expected v
nearTc .

The aluminum sample used in the experiment was
99.9995% sphere of 0.8 mm in diameter, chemically polish
with a solution of 3HCl:1HNO3 to remove the oxide film
from the surface. The cadmium sample was a 99.9991%
platelike shape of dimensions 0.830.830.1 mm3, also
chemically polished.Tc51.175 K andTc50.512 K for alu-
minum and cadmium, respectively, were determined fr
the onset of superconductivity in the penetration de
measurements.

l(T) measurements were performed utilizing a 28 MH
tunnel diode oscillator with a noise level smaller than 1 p
in 109 and a low drift.6 The magnitude of the ac field wa
estimated to be less than 5 mOe. The cryostat was
rounded by a bilayer mumetal shield which reduced the
field to less than 1 mOe. Both of these fields are well bel
the critical fields 106 and 29 Oe for aluminum and cadmiu
respectively.5 The samples were mounted, using a sm
amount of vacuum grease, on a rod made of nine t
99.999% Ag wires embedded in Stycast 1266 epoxy. T
other end of the rod was thermally connected to the mix
chamber of a dilution refrigerator. The temperature was m
sured with a calibrated RuO2 thermometer located at the en
of the rod linked to the mixing chamber, and the temperat
error below and above 300 mK is 1–2 and 2–3 mK, resp
tively.

The deviation of the penetration depth from its value
T50.03 K, Dl(T)5l(T)2l(0.03 K), was obtained from
the change in the measured resonance frequencyD f (T)
through the expressionDl(T)5GD f (T). HereG is a factor
©2003 The American Physical Society06-1
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which depends on the sample and coil geometries and
cludes the demagnetizing factor of the sample. We de
minedG by two procedures:~a! by measuring the Cd sampl
at the lowest temperature where an exponential behavio
expected independently of the electrodynamic limit, and
this caseG for Al was found from the value of the differen
shape relative to the Cd sample and~b! by an independen
calibration of the system using a technique employed in s
eral others penetration depth measurements.7 The values of
G obtained from these methods agree within 10%.

We compared the data to the theoretical penetration d
expressions of the local and nonlocal BCS electrodynam
For a locals-wave superconductor we have

l2~0!

l2~T!
5F112E

0

`

de
] f

]Ek
G . ~1!

Here the total energyEk5Ae21D0
2, wheree is the single-

particle energy measured from the Fermi surface.D0 is the
energy gap aT50. In the case of a nonlocals-wave super-
conductor the expression above changes to

l2~0!

l2~T!
5FD~T!

D0
tanh

D~T!

2kBTG2/3

. ~2!

We evaluated numerically Eqs.~1! and ~2! assuming for the
T-dependent gap function the weak-coupling interpolat
formula D(T)5D0 tanh@(pkBTc /D0)Aa(Tc /T21)# with a
'0.953~Ref. 8! andD051.76kBTc .

We plotted in Fig. 1@l(0)/l(T)#2 vs T/Tc for the Al data
along with the numerical evaluation of Eqs.~2! and ~1!. In
computing @l(0)/l(T)#2 for the Al data we used a mid
range valuel(0)5515 Å, which is in between the BCS the
oretical value of 530 Å5 and the experimental estimations
490–515 Å.9,10 The small differences of these values do n

FIG. 1. @l(0)/l(T)#2 againstT/Tc up to Tc for the aluminum
data and the numerical evaluation of the BCS nonlocal and lo
expressions of the penetration depth.
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make a significant change in the temperature dependenc
@l(0)/l(T)#2, as we shall see below for the case of Cd. T
difference betweenl(0) andl(0.03) was taken as zero fo
this s-wave superconductor. We chose to plot@l(0)/l(T)#2

because both it enhances the details of the curves at all
peratures and it is the most direct way to compare pene
tion depth data to theory. This type of plot has been used
present most of the penetration depth calculations in s
dard, classic textbooks on superconductivity.

The overall excellent agreement between our data and
~2! is a strong evidence for nonlocality in superconducti
aluminum. This contrasts to the results of Tedrowet al.1 and
Behroozi et al.,2 which showed significant deviation from
both the nonlocal BCS superconductivity and the two-flu
model. Since slightly different values ofl(0) do not drasti-
cally change the temperature behavior of@l(0)/l(T)#2, the
origin of the disagreement between the present and prev
results may be related to the treatment of the samples.
believe, however, that the treatment of the samples sho
not be the cause of the disagreement. In each individual
periment performed previously~see Tedrowet al.1 and refer-
ences therein! the samples were treated in different ways, b
in all these experiments the results and conclusions w
qualitatively the same. We should mention that we did n
anneal the Al sample, as done in some of the other wo
but the fact that the transition was quite sharp and near
well-established critical temperature somewhat indicate
long mean free path and that our sample is in the pure lim
It should be pointed out that experiments on Al have be
performed at microwave and radio frequencies, and the
sults have shown to be independent of the frequency ran1

In Fig. 2 we show@l(0)/l(T)#2 againstT/Tc for the Cd
data along with the numerical evaluation of Eqs.~2! and~1!.
There is no consensus in the value ofl(0) for Cd, with
experimental values ranging from 900 to 1340 Å.11,12

al

FIG. 2. @l(0)/l(T)#2 againstT/Tc up to Tc for the cadmium
data and the numerical evaluation of the BCS nonlocal and lo
expressions of the penetration depth.
6-2
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Because of this, we chose again a midrange valuel(0):
1100 Å and used the extreme value of 1300 Å to demonst
that slightly different values ofl(0) do not introduce sig-
nificant changes in the temperature dependence
@l(0)/l(T)#2. The agreement with the nonlocal BCS theo
is extremely good forl(0)51100 Å. As can be interprete
from Fig. 2, a variation of 20% in the value ofl(0) just
slightly degrades the agreement.

Let us now consider the temperature range significa
close toTc . The nonlocal generalization of the electrod
namics of a superconductor establishes that the supercu
j (x) is determined as a spatial average of the vector pote
A(x8) in a region of dimensionr 0

j ~x!52
nse

2

mc

3

4pj0
E d3x8

X@X•A~x8!#

X4
e2X/r 0, ~3!

whereX5x2x8. ns is the superfluid density,e andm are the
electron charge and mass, respectively, andc is the light
velocity. The characteristic lengthr 0 is defined as 1/r 0
51/j011/l , where l is the mean free path. From the BC
theory the temperature-independentcoherence lengthj0
5\yF /pD0, whereyF is the Fermi velocity. In pure super
conductorsl @j0, andr 0.j0. Since the vector potential var
ies with the penetration lengthl(T), in pure samples the
average ofA(x) needs to be carried out whenj0.l(T).
Therefore, this last condition defines the nonlocal limit
electrodynamics, and the opposite relation@j0,l(T)# deter-
mines the local limit. Because the magnetic penetrat
depth increases very rapidly asT→Tc in all superconduct-
ors, we expect that at temperatures very close toTc the pen-

FIG. 3. A blowup of Fig. 2 nearTc . The data of the magnetic
penetration depth in superconducting cadmium display the cr
over from nonlocal to local behavior expected for all superc
ductors aroundTc . The inset depicts the Al data near the critic
temperature.
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etration depth would be larger than the coherence len
Therefore, if a superconductor is nonlocal forT!Tc , it
should experience a crossover to a local behavior around
temperature at whichl'j0.4,5

Figure 3 is a blowup of the temperature region nearTc
for the Cd data. The expected crossover from nonloca
local BCS behavior is observed. From this figure we c
see that the data start deviating from the nonlocal curve
around T/Tc'0.94, where the penetration depth and t
coherence length are supposed to become similar. Ta
j0'2200 Å, which was estimated from shear-wave ult
sound attenuation,11 and using l(0)51100 Å we get
@l(0)/l(T)#250.25 at l.j0. In Fig. 3 this value corre-
sponds toT/Tc'0.95, which agrees remarkably well wit
the observed value of 0.94 mentioned above. Such an ag
ment gives further support to the all around consistency
our results.

In Fig. 4 we have plotted the Al data nearTc . We could
see that the data seem to move toward the local cu
just around Tc , even though the effect is somewh
masked by the fact that in this temperature region the data
not fall right onto the nonlocal curve. In any case, the cro
over in Al should be much less evident than in Cd, since
Al the crossover should appear at@l(0)/l(T)#250.0009;
that is, very close toTc . This makes it quite difficult to
observe.

To conclude, from high precision magnetic penetrati
depth measurements we have found strong evidence
both Al and Cd are certainly nonlocal superconductors
theory predicts. We also found that the Cd data are consis
with the existence of the crossover from nonlocal to lo
electrodynamics theoretically expected nearTc for all super-
conductors.

s-
-

FIG. 4. A blowup of Fig. 1 nearTc . The data of the magnetic
penetration depth in superconducting cadmium near the crit
temperature.
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