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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
depthA(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 o\ (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 superconductdrg.near
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For the last three decades it has been assumed, witho(lk~0.5). We find that for both elements the temperature
doubts, that pure aluminum is an extreme Pipgahloca) dependence of the magnetic penetration depth is in excellent
superconductor, because its coherence lerfgthis much  agreement with the prediction of nonlocal BCS electrody-
larger than its magnetic penetration dep¥(0) [«  namics, and that the high resolution Cd data display the
=A(0)/£,=~0.03]. Aluminum in fact has become the classic crossover from nonlocal to local behavior expected very
example of a nonlocal superconductor, and it is very oftemearT,.
used as a reference for calibration purposes and theoretical The aluminum sample used in the experiment was a
comparisons. However, nonlocality in superconducting Al99.9995% sphere of 0.8 mm in diameter, chemically polished
surprisingly has not been confirmed experimentally. Thewith a solution of 3HCI:1HNQ to remove the oxide film
most recent experimental works on the temperature depeifirom the surface. The cadmium sample was a 991989
dence of the penetration depth in Al reported that the data diglatelike shape of dimensions X®.8x0.1 mn?, also
not agree with the behavior predicted by the nonlocal BCShemically polishedT.=1.175 K andT.=0.512 K for alu-
theory!? Tedrow et al! went further and analyzed the data minum and cadmium, respectively, were determined from
from all previous experiments. They found that such datahe onset of superconductivity in the penetration depth
agree with their own and that all the data were close to theneasurements.
local BCS prediction. More recently, Signoet al.® in a N(T) measurements were performed utilizing a 28 MHz
penetration depth study on UPtvhere Al was used as a tunnel diode oscillator with a noise level smaller than 1 part
reference, reported that the temperature dependenkeirof in 10° and a low drift® The magnitude of the ac field was
pure Al fitted very well the nonlocal BCS expression ina estimated to be less than 5 mOe. The cryostat was sur-
vs T graph. However this result should be taken with carerounded by a bilayer mumetal shield which reduced the dc
because it can be shown that in this type of plot both thdield to less than 1 mOe. Both of these fields are well below
local and nonlocal BCS approximation can fit equally wellthe critical fields 106 and 29 Oe for aluminum and cadmium,
the data. Remarkably no attention has been paid to this comespectively. The samples were mounted, using a small
tradiction between experiment and theory for many years, immount of vacuum grease, on a rod made of nine thin
spite of the fact that such contradiction questions the basis 9.999% Ag wires embedded in Stycast 1266 epoxy. The
the electrodynamics of a superconductor. other end of the rod was thermally connected to the mixing

Even in clean superconductors for whial{0)/&,<1, chamber of a dilution refrigerator. The temperature was mea-
nonlocality is not expected to occur throughout the temperasured with a calibrated RyQhermometer located at the end
ture range belowl .. It has been predicted in classic text- of the rod linked to the mixing chamber, and the temperature
books thagll superconductors become local very clos@¢o error below and above 300 mK is 1-2 and 2—-3 mK, respec-
where\ (T)> &,.%° To our knowledge, such a crossover hastively.
never been observed. Here we present high precision mea- The deviation of the penetration depth from its value at
surements of the temperature dependence of the magnefic=0.03 K, AN(T)=\(T)—A(0.03 K), was obtained from
penetration depti(T) in Al and Cd down to 30 mK. Cad- the change in the measured resonance frequexiyr)
mium is a superconductor in the intermediate nonlocal rangéhrough the expressioA\ (T) =GAf(T). HereG is a factor
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FIG. 1. [A(0)/\(T)]? againstT/T, up to T, for the aluminum FIG. 2. [A(0)/\(T)]? againstT/T up to T, for the cadmium
data and the numerical evaluation of the BCS nonlocal and locaflata and the numerical evaluation of the BCS nonlocal and local
expressions of the penetration depth. expressions of the penetration depth.

which depends on the sample and coil geometries and inyake a significant change in the temperature dependence of
cludes the demagnetizing factor of the sample. We deterD\(O)/)\(T)]zy as we shall see below for the case of Cd. The
minedG by two proceduresta) by measuring the Cd sample jitforence hetween (0) and\(0.03) was taken as zero for

at the lowest temperature where an exponential b_ehavior_ iﬂ“ﬂs swave superconductor. We chose to HIn(0)/\(T)]2
expected independently of the electrodynamic limit, and inye .5 e hoth it enhances the details of the curves at all tem-
this caseG for Al was found from the value of the different peratures and it is the most direct way to compare penetra-

shgpe relative to the Cd sa_lmple afml by an indepenqent tion depth data to theory. This type of plot has been used to
calibration of the system using a technique employed in sev

. present most of the penetration depth calculations in stan-
eral others penetration depth measureméfse values of dard, classic textbooks on superconductivity.
G obtained from these methods agree \.N'th'n 10%. The overall excellent agreement between our data and Eg.
We compared the data to the theoretical penetration dept&)

) . is a strong evidence for nonlocality in superconducting
expressions of the local and nonlocal BCS eIectrodynammsaluminum This contrasts to the results of Tedreval and
For a locals-wave superconductor we have : '

Behrooziet al,? which showed significant deviation from
A2(0) - of both the nonlocal BCS superconductivity and the two-fluid
=[l+2f de—
\%(T) o IE

. (1) model. Since slightly different values af0) do not drasti-
cally change the temperature behaviof {0)/\(T)]?, the
> ) ) origin of the disagreement between the present and previous
Here the total energi, = Je“+ A, wheree is the single-  resyits may be related to the treatment of the samples. We
particle energy measured from the Fermi surfakg.is the  pelieve, however, that the treatment of the samples should
energy gap & =0. In the case of a nonlocalwave super- not be the cause of the disagreement. In each individual ex-
conductor the expression above changes to periment performed previouslgee Tedrovet al® and refer-
ences thereinthe samples were treated in different ways, but
@) in all these experiments the results and conclusions were
qualitatively the same. We should mention that we did not
anneal the Al sample, as done in some of the other works,
We evaluated numerically Eqél) and (2) assuming for the  but the fact that the transition was quite sharp and near the
T-dependent gap function the weak-coupling interpolationyell-established critical temperature somewhat indicates a
formula A(T)=Aq tanf(mksT./Ag)va(T,/T—1)] with a  long mean free path and that our sample is in the pure limit.
~0.953(Ref. 8§ andAy=1.7&gT,. It should be pointed out that experiments on Al have been
We plotted in Fig. T\ (0)/\(T)]? vs T/T, for the Al data  performed at microwave and radio frequencies, and the re-
along with the numerical evaluation of E¢®) and(1). In  sults have shown to be independent of the frequency range.
computing[A(0)/\(T)]? for the Al data we used a mid- In Fig. 2 we show A (0)/\(T)]? againstT/T, for the Cd
range valuex (0)=515 A, which is in between the BCS the- data along with the numerical evaluation of E(®.and(1).
oretical value of 530 Aand the experimental estimations of There is no consensus in the value }f0) for Cd, with
490-515 A>° The small differences of these values do notexperimental values ranging from 900 to 1340%'A2
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. . FIG. 4. A blowup of Fig. 1 neaff,. The data of the magnetic
FIG. 3 A blowu_p of Fig. 2 neaﬂ'_c. The d".’lta of_the magnetic enetration depth in superconducting cadmium near the critical
penetration depth in superconducting cadmium display the Cros%mperature
over from nonlocal to local behavior expected for all supercon- '
ductors aroundl;. The inset depicts the Al data near the critical

temperature.
etration depth would be larger than the coherence length.
Therefore, if a superconductor is nonlocal for<T,, it
Because of this, we chose again a midrange val(@): should experience a crossover to a local behavior around the
1100 A and used the extreme value of 1300 A to demonstrateemperature at which~ &,.*°
that slightly different values ok (0) do not introduce sig- Figure 3 is a blowup of the temperature region n&ar

nificant changes in the temperature dependence dbr the Cd data. The expected crossover from nonlocal to
[X(0)/\(T)]2. The agreement with the nonlocal BCS theorylocal BCS behavior is observed. From this figure we can
is extremely good fon (0)=1100 A. As can be interpreted see that the data start deviating from the nonlocal curve at
from Fig. 2, a variation of 20% in the value af(0) just around T/T.~0.94, where the penetration depth and the
slightly degrades the agreement. coherence length are supposed to become similar. Taking
Let us now consider the temperature range significantl¢,~2200 A, which was estimated from shear-wave ultra-
close toT.. The nonlocal generalization of the electrody- sound attenuatioh, and using A(0)=1100 A we get
namics of a superconductor establishes that the supercurrdnt(0)/\(T)]?=0.25 atA=£&,. In Fig. 3 this value corre-
j(x) is determined as a spatial average of the vector potentialponds toT/T.~0.95, which agrees remarkably well with

A(X") in a region of dimensiomg the observed value of 0.94 mentioned above. Such an agree-
ment gives further support to the all around consistency of
. ng 3 3, KDXAGDT e our results.
J¥)==11¢ 4rE, d*x . (3) In Fig. 4 we have plotted the Al data ne&g. We could

see that the data seem to move toward the local curve
whereX=x—x'. nq is the superfluid densitgandmare the  just around T., even though the effect is somewhat
electron charge and mass, respectively, and the light masked by the fact that in this temperature region the data do
velocity. The characteristic length, is defined as 1j not fall right onto the nonlocal curve. In any case, the cross-
=1/¢y+ 1/, wherel is the mean free path. From the BCS over in Al should be much less evident than in Cd, since for
theory the temperature-independentoherence lengthé, Al the crossover should appear [at(0)/x\(T)]?=0.0009;
=hvelmA(, Wherevg is the Fermi velocity. In pure super- that is, very close tol.. This makes it quite difficult to
conductord > ¢&;, andry=¢&,. Since the vector potential var- observe.
ies with the penetration length(T), in pure samples the To conclude, from high precision magnetic penetration
average ofA(Xx) needs to be carried out whefp>N\(T). depth measurements we have found strong evidence that
Therefore, this last condition defines the nonlocal limit ofboth Al and Cd are certainly nonlocal superconductors as
electrodynamics, and the opposite relafigp<<\(T)] deter-  theory predicts. We also found that the Cd data are consistent
mines the local limit. Because the magnetic penetratiorwith the existence of the crossover from nonlocal to local
depth increases very rapidly 8s-T. in all superconduct- electrodynamics theoretically expected n&arfor all super-
ors, we expect that at temperatures very closg tthe pen-  conductors.
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