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Nonlocal effect and dimensions of Cooper pairs measured by low-energy muons and polarized
neutrons in type-I superconductors
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The Pippard coherence length & (the size of a Cooper pair) in two extreme type-I superconductors (In and Sn)
was determined directly through high-resolution measurement of the nonlocal electrodynamic effect combining
low-energy muon spin rotation spectroscopy and polarized neutron reflectometry. The renormalization factor

Z=m,/2m (m}, and m are the mass of the Cooper pair and the electron, respectively) resulting from the
electron-phonon interaction, and the temperature-dependent London penetration depth A (7)) were determined
as well. An expression linking &, Z, and A (0) is introduced and experimentally verified. This expression allows
one to determine experimentally the Pippard coherence length in any superconductor, independent of whether
the superconductor is local or nonlocal, conventional or unconventional.
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I. INTRODUCTION

A core concept of superconductivity is Cooper pairing
of electrons. Cooper pairs have a characteristic size &, the
Pippard coherence length, and an effective mass my, = 2Zm,
where m, being close to the free-electron mass m,, is the
Coulomb and band-structure effective mass of the electrons
and Z is the renormalization factor, a measure of the electron-
boson coupling strength.! Only weakly dependent on temper-
ature T2, & provides a reference length for the fundamental
length scales, including the London penetration depth Ap(7T),
characterizing the decay of a penetrating magnetic field and
associated with number density of Cooper pairs n,,. In units of
&y, AL(T) determines whether the superconductor is described
by local or nonlocal electrodynamics, and A (0) determines
whether it is type I or type II.> To ensure consistency &, Z
and Ap(T) should be measured simultaneously. As of today
these parameters have not been simultaneously and directly
measured in any superconductor.

A phenomenon stemming immediately from the finite
size of the Cooper pairs and therefore providing a principal
possibility for the direct determination of & is an effect of
nonlocal electrodynamics in the profile of the magnetic field
B(z) (z is the distance from the sample surface) penetrating
into the superconductor in the Meissner state. This “nonlocal
effect,” first predicted by Pippard* and following from the
Bardeen-Cooper-Schrieffer (BCS) theory, manifests itself in
the deviation of B(z) from the exponential decay applicable
in the local or London limit.2 Moreover, B(z) in nonlocal
superconductors is predicted to change sign at a certain depth.
Most superconductors are local and for those & cannot be
measured, although Kosztin and Leggett have shown that under
certain conditions the nonlocal effect may also take place in un-
conventional superconductors with nodes in the energy gap.’

1098-0121/2013/87(10)/104508(9)

104508-1

PACS number(s): 74.25.Ha, 74.78.—w, 78.70.—¢g

When a superconductor is in the Meissner state, an external
magnetic field By is completely screened within the sample
interior due to a persistent current running in a thin surface
layer over which the field decays to zero. The layer thickness
is of the order of the “magnetic penetration depth” A =
By ! fooo B(z)dz. If the size of the Cooper pairs is small
(& < A), the relationship between the current density and
the vector potential can be treated as local. Then the field
decays as exp(—z/AL), where AL, = y/Ac2 /47 is the London
penetration depth (c is the speed of light). In the London theory
the phenomenological parameter A is a function of the mass
mg. and the number density n,, of superconducting electrons,
none of the two being well defined.” We want to remind the
reader that m,. is not m, /2 and ny, is not 2n.,. The number
density n,, is an “effective number of electrons,” which can be
determined from the value of A? (= my.c?/4mn,.e?, e being
the electron charge) assuming that mg. = m,.® However, due
to dimensional correctness, the London’s formula correctly
describes the dependence of the penetration depth on the mass
and density of the Cooper pairs (Xf ~ Mep[Nep).

The local approximation is applicable to superconductors
with Ginzburg-Landau parameter ¢ > 1.” For superconductors
with smaller « the Cooper pair size is no longer negligible
and the current density is determined by the vector potential
averaged over a region of dimension &y. The nonlocality leads
to deeper field penetration and to distortion of the B(z) shape
as was mentioned above. The nonlocal effect is approximately
proportional to x ~!/3 and for majority superconductors is very
small;” it is most pronounced in extreme type-I or Pippard
superconductors, such as Al (x = 0.01), In (0.07), and Sn
(0.11). The field profiles for Al following from local and
nonlocal theories are shown in Fig. 1 (see also Ref. 3).
In the pure limit (elastic mean free path £ > &) nonlocal
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FIG. 1. (Color online) Magnetic field profiles for aluminium at
T = 0 calculated from London (local) and BCS (nonlocal) theories
with Ay and &, taken from Ref. 8.

superconductors B(z) is a function of A (7)) and &,2 each of
which depends on mass of Cooper pairs. Therefore, knowledge
of B(z) in such materials at different temperatures allows
one to determine A (7") and &, and to find Z as it is shown
in the next section. Determination of the key microscopic
parameters Ap(T), &, and Z through measurement of B(z)
in two Pippard superconductors In and Sn is the goal of this
work. Two superconductors are needed for mutual verific-
ation of experimental results. In and Sn are chosen due to
their convenience for experiments performed in this work
and because they are the strongest nonlocal superconductors
after Al

An observation of the sign reversal in B(z) via measure-
ments of an ac magnetic field leaking through a 1.8 pum
thick tin film was reported in Ref. 9. However, the validity of
this observation is questionable.'” In a subsequent paper'! the
authors, as a matter of fact, discard this result mentioning that
they failed to reproduce it with other 24 identically fabricated
samples and by not providing new data points for the “good”
sample.

A first determination of the penetration-layer character-
istics in a nonlocal superconductor has been achieved by
Doezema et al.'>'> B(z) in a single-crystal Al sample was
studied utilizing a resonance magnetoabsorption technique.
In this technique a fixed-frequency microwave absorption is
measured versus an external magnetic field applied parallel
to the sample surface. Due to the resonant character, the
technique is very sensitive. However, for the same reason, only
a few points of an effective potential V, s/ (z) [linked with B(z)
calculated from the BCS theory] trapping quasiparticles in the
penetration layer were identified. Besides, the interpretation
of the experimental spectra requires detailed knowledge of
parameters of the normal state, whose accuracy is difficult
to quantify. This work of Doezema et al. is an undisputed
experimental masterpiece; its results are consistent with the
nonlocal theory, although obtained quantitative parameters
remain to be verified via independent measurements.

The appearance of polarized neutron reflectometry
(PNR)'*!> and low-energy muon spin rotation spectroscopy
(LE-uSR)'®!7 techniques qualitatively changed the landscape
of studies of surface magnetization. In particular, these
techniques enable direct measurements of B(z). The PNR
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and LE-uSR techniques are based on different principles,
hence complementing each other and providing a possibility
for mutual cross checking of experimental results.

The nonlocal effect was unambiguously confirmed for the
first time by LE-uSR measurements on Pb, Ta, and Nb>!3
and soon after by PNR measurements in In.!” In Refs. 3,18 a
first attempt was made to infer &, from B(z) in Pb. However,
due to an unresolved issue of systematic errors only statistical
errors were estimated. One can overcome this problem by
combining LE- SR and PNR measurements since in the latter
the systematic errors can be excluded. Therefore the method
of our choice is to combine LE-uSR and PNR measurements
of B(z); such an approach enables an independent verification
of the inferred values of &) and A, and an estimate of their total
uncertainties.

The paper is organized as follows: Section II presents
an approach to deduce the renormalization factor Z; a brief
description of the LE-uSR and PNR techniques and ap-
proaches for the treatment of experimental data are presented
in Sec. III; the sample characteristics are described in Sec. I'V;
the experimental results are presented and discussed in Sec. V;
Sec. VI contains a summary and outlook.

II. RENORMALIZATION FACTOR

Electrons near the Fermi surface are dressed by a cloud of
virtual phonons, leading to an enhancement of their effective
mass and consequently to a reduction of the Fermi velocity
vg. Below the critical temperature 7, the phonon-mediated
attraction of electrons exceeding their screened Coulomb
repulsion results in the formation of Cooper pairs. In BCS
theory the electron-electron coupling is weak: N(0)V « 1,
where V is the pairing potential and N(0) is the single-spin
electron density of states at the Fermi surface, which can
be obtained from specific-heat measurements. Eliashberg’s
strong-coupling theory (SCT) is free from this limitation and
agrees better with experimental results.’

In SCT the effective mass of electrons near the Fermi
surface is m* = Zm and consequently the effective mass of
the Cooper pairs is m7, = 2Zm. Correspondingly (as can be
seen from the London’s formula for A; and the Pippard/BCS
formulas for &), Ar, and &, are renormalized with respect to
their values in the weak-coupling (wc) limit as follows,

A= VZ A, (1)
fo=2§"/Z. @

If AL(T — 0) is measured, the factor Z can be inferred
from Eq. (1). Neglecting effects of anisotropy, A;’°(0) can
be obtained using A for electrons not colliding with the
lattice.'>? This leads to

3c2

AC0) = | ————
b 8me2N(0)v2

3

On the other hand, if &, is measured, Z can be calculated
from Eq. (2) using the BCS definition &3’ = hvg/m A(0) =
0.18hvg/kpT,, where A(0) = A(T = 0) is the energy gap and
h =h x (27) and kp are the Planck and Boltzmann constants,
respectively.
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FIG. 2. (Color online) Time spectra of muons with energy of
22 keV at an applied field of 47 Oe in the normal state (a) and in
the Meissner state (b) measured on the IN-1 sample. The curves
are fits to the Gaussian (a) and the time-domain (b) models. The
insets present the field spectra P(B). In the inset in (b) bg is the
background contribution, while the curve represents two Gaussian
peaks to approximate the experimental spectrum. Ay is the maximum
observable asymmetry of the muon decay.

Unfortunately neither of these approaches is applicable for
quantitative analysis since reliable calculation of vg (the Fermi
velocity averaged over the free area of the Fermi surface Sg) is
hardly possible due to the complex topology of Sg in polyvalent
metals.®?! However, if both A; (0) and & are known, one can
eliminate vg, thus obtaining

_ 2n? 1
1257 T2y AL(0)2E2]

“

where it is taken into account that N(0) = 3y/2n2k§, y
being the Sommerfeld constant (the electron heat capacity
coefficient).?! Hence Eq. (4) allows one to determine Z from
B(z) in nonlocal materials. We want to stress that Eq. (4) is
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independent of the relationship between the current density
and the vector potential and of the specific nature of the
electron-electron pairing. Therefore Eq. (4) can be applied
to any pure superconductor. For impure superconductors the
influence of the finite mean free path can be accounted for via
an effective range of coherence £'(£) = [(a/&) + (1/0)]7!,
where « is a factor on the order of unity.>*

In SCT Z =1+ A,,, where A,, is a mass-enhancement
parameter tabulated in Ref. 1 on the basis of electron tunneling
experimental data. A,, can also be obtained from McMillan’s
equation for 7,.%, but this approach is less reliable.! Therefore,
for nonlocal superconductors Eq. (4) builds a bridge between
the B(z) and the tunneling data, hence providing an indepen-
dent test of the values of Ap and &, inferred from the B(z)
data. On the other hand, the vast majority of superconductors
are local. For those Eq. (4) allows one to determine &, from
the measured values of A;(0) and Z using, e.g., LE-uSR and
tunneling experiments, respectively.

III. EXPERIMENTAL TECHNIQUES
A. uSR and LE-uSR

1SR makes use of polarized positive muons, ;™. Implanted
into the host material they thermalize on a picosecond time
scale without loss of the spin polarization. Similar to NMR,
the u™ is acting as a local magnetic microprobe in the sample
under investigation. The u™ is a radioactive particle with a
lifetime of 2.2 us, decaying into 3 particles (2 neutrinos and
a positron). Due to the parity violation of the weak decay, the
positron is preferentially emitted along the spin direction of the
w* .2 Hence, by time-ensemble averaging of 10°~107 muons,
precession signals can be recorded which reflect the measured
magnetic field at the muon site.

Surface muon based SR uses energetic (~4 MeV) u*t
with a stopping range in solids on the sub-mm scale, implying
it is suitable for bulk studies. Low-energy uSR (LE-uSR)
uses 100% polarized ™ of tunable energies in the keV range
to study local magnetic properties in thin films. keV muons
are obtained by a moderation technique.'®?} At these energies
the implantation depth of the u*t ranges from a few nm to a
few hundred nm. The stopping range profile can be calculated
by the Monte Carlo program TRIM.SP, which treats the u™ as
a light proton.?+%

Due to the “short” lifetime of the muon, high-quality
statistics of data sets can be collected in a rather short time
(<1 hour). Another advanced feature of uSR is its ability
to operate with small (few mm) or mosaic samples.?®?’
Complications in using this technique for B(z) measurements

TABLE I. Parameters of the samples. d is the thickness, o is the AFM measured rms roughness, o is
the oxide layer thickness inferred from the neutron reflectivity measurements (see Ref. 10); RRR is the
residual resistivity ratio; £ is the elastic mean free path.

sample type size (cm) d (um) o (nm) o (nm) RRR £ (um)
IN-1 film 2x3 2.5 5 <1 560 11
IN-2 film 26 33 6 <1 730 14
SN cryst 1.5x2 2 x 10° 2 7 >1300 >12
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FIG. 3. (Color online) Magnetization of IN-1 and SN samples.

arise from the rather broad distribution of muon stopping
distances,® which makes it difficult to quantify uncertainties.

B. LE-uSR data treatment

Typical time spectra of muon polarization P in the normal
and the Meissner states are presented in Fig. 2. We use
two models to interpret these spectra: a Gaussian and a
time-domain model.

In the Gaussian model the time dependence of the muon
polarization P(¢) has the form

1
P(t) = wexp [—E(Uscf)z] cos(yu Bsct)

1
+ (1 —w)exp [_E(GBGI)2:| cos(y,Bot), (5)

where Bgc is the magnetic field at the muon site inside the
sample, By is the applied field, osc and opg are respective
depolarization rates of the muons inside and outside (back-
ground) the sample, and w is the statistical weight of muons
stopped in the sample (in our experiments w > 0.92). The
fitting parameters are Bgsc, 0sc, 0pg, and w. The model
assumes a Gaussian spectrum of the field; this is exact in
the normal state [Fig. 2(a)]. In the Meissner state the model
assumes different fields inside and outside the sample, both
fields having a Gaussian spectrum. Although the real field
distribution in the sample is not Gaussian, it still can be
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FIG. 4. (Color online) Temperature dependence of electrical
resistance of IN-2 sample.

approximated by a Gaussian peak [line in the inset of Fig. 2(b)],
which makes the model sufficient for a gualitative analysis of
the B(E) data, where E is the implantation energy of the
muons. An additional uncertainty in using this model for a
nonuniform B(z) field arises from the distribution of stopping
distances® because there is no strict criterion to which depth z
the field B extracted from the Gaussian fit should be assigned.
It can be the mean value (z) of the implanted profile or its peak
value z,,. As shown in Ref. 3, the mean (z) is more appropriate
for the analysis of field profiles in nonlocal superconductors.

The time-domain model assumes a priori a specific shape of
the field profile following from theory. In the case of nonlocal
superconductivity it is the Pippard/BCS magnetic field profile
Bgcs(z) = Bpes(z,AL(T),&y,£). The muon polarization P(t)
in the time-domain model has the form

P(t) = wexp[—(asct)* /2] Ppcs(t)

+ (1 — w) exp[—(oBct)* /2] cos(y, Bot),  (6)
where
Pges(t) = / n(z) cos[y, B(z)t]dz, @)
0
with
B() = By when z <z, @)
9= Bpcs(z —zo) when  z > zo,

and zo being the thickness of a “dead layer,” an adjustable
parameter that accounts for imperfections of the sample
surface, such as an oxide layer and roughness, and for
uncertainties of the Monte Carlo code TRIM.SP used for
the calculation of the muon distribution n(z). In this model
the fitting parameter is not the field B, but the parameters
of the chosen model for the field profile. In our case these
parameters are A, and zo.

C. PNR

PNR is an optical technique relying on the interaction of
polarized neutrons with the magnetized sample interior. By
measuring the intensity of the reflected neutron beam as a
function of the incident neutron spin state and its wave vector
itis possible to determine the magnetic field profile in a sample.
At grazing angles of incidence the interaction can be described
by a one-dimensional optical potential composed of a nuclear
(neutron-nucleus interaction) and a magnetic contribution. The
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FIG. 5. (Color online) Typical AFM images and scans of the samples.

latter arises from the interaction of the neutron magnetic
moment (i and the magnetic field B inside the sample and
is equal to —fi - B. Therefore, the reflectivity R* of neutrons
with spin parallel to B differs from the reflectivity R™ (the
neutron spin is antiparallel to B), and the difference RT™ — R~
depends on B.

Upon tuning the nonmagnetic parameters of the sample
(effective surface roughness €, oxide layer, and sample
thickness) and the neutron beam resolution on the reflectivity
curve measured in the normal state, the spin asymmetry s =
(Rt — R7)/(R' + R™) is solely determined by the magnetic
field profile B(z). The effective roughness € is a parameter of
the model used to simulate the reflectivity in the normal state;
it is related to but not the same as the physical roughness, such
as, e.g., the root-mean-square roughness (rms) o . In particular,
€ &~ ¢ in case of uniform, short-wavelength roughness of
nanometer scale as in high-quality polished surfaces, like in
our Sn sample; but these quantities are only weakly related for
the terrace-like surface structures, like in our In samples.

PNR operates with a polarized neutron beam incident under
grazing angle 6 near the critical angle 6, of total external
reflection. Therefore systematic instrumental errors in the

® IN-1 and IN-2 samples ® SN sample
o Ref. 31 v Alfa Aesar
200 v Alfa-Aesar foil 200 single crystal
0.5 mm thick Ref. 31
@ 150 150
)
©
Q2
© 100 100
)
c
=)
IS}
E 50 50 - o
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0

20 25 30 35 20 25 30 35
temperature (K) temperature (K)

FIG. 6. (Color online) The phase diagrams of the indium and tin
samples.

angle of incidence and reflectivity are easily detected and
corrected using Snell’s law for 6, and unity of the reflectivity
for 6 < 6., respectively. However, to obtain high-quality PNR
data the sample surface should be large (>3 cm?), flat, and
mirror-like smooth. Another challenge is associated with
the necessity to use a highly collimated beam, which leads
to a decrease of the neutron flux and therefore to a long
exposure time (several days) needed to collect data sets with
appropriate statistics. More technical details about neutron
reflectometry can be found in Ref. 28; details about using PNR
for measurements of B(z) in superconductors are available in
Ref. 10.

0 100 200 @00 400 \

0 30 60 90 120 150
depth (nm)

FIG. 7. (Color online) Reduced field B/By in indium obtained
from the LE- . SR measurements using the Gaussian model. The depth
is the average stopping distance of the implanted muons calculated
from the Monte Carlo TRIM.SP code. The solid line is the field profile
calculated from the nonlocal theory at 7 = 2.92 K with £, = 380 nm,
AL(0) = 30 nm, and zy = 4 nm, inferred from the x? and the time-
domain analysis. The dashed line represents B(z)/ By calculated from
the local theory at the same temperature with the same values of A1 (0)
and zo. The inset presents the same field profiles on a linear scale.
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FIG. 8. (Color online) Reduced field B/ B in tin obtained from
the LE-uSR measurements using the Gaussian model. The depth
is the average stopping distance of the implanted muons calculated
from the Monte Carlo TRIM.SP code. The solid line represents the
field profile calculated from the nonlocal theory at 7 = 2.96 K with
& =310 nm, A.(0) =36 nm, and z, =20 nm, inferred from the x?2
and the time-domain analysis. The dashed line represents B(z)/By
calculated from the local theory at the same temperature with the
same values of A (0) and zy. The inset presents the same field profiles
on a linear scale.

IV. SAMPLES

The indium samples were films deposited on an oxidized
silicon wafer (IN-1) and on a sapphire crystal (IN-2) held at
room temperature via thermal evaporation of indium shots
(Alfa-Aesar, 99.9999% purity) at a base pressure <5 X
10~ mbar. The IN-1 sample was used for PNR measurements
and for LE-uSR measurements down to 2.9 K. The IN-2
sample was used for LE-#SR measurements at lower temper-
atures. The tin sample was a polished single crystal (Surface
Preparation Laboratory, The Netherlands); the same sample
was used in both LE-uSR and PNR experiments. Parameters
of the samples are listed in Table I.
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FIG. 9. (Color online) In samples: x?/NDF versus &, and the
corresponding polynomial fittings normalized to the minimum value
for each temperature. The shaded area indicates the range of the best
estimates for &;. The inset table gives positions of the minima and
their average with the standard deviation.
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FIG. 10. (Color online) Sn sample: x2/NDF versus & and the
corresponding polynomial fittings normalized to the minimum value
for each temperature. The shaded area indicates the range of the best

estimates for &. The inset table gives positions of the minima and
their average with the standard deviation.

Magnetization data measured with a SQUID magnetometer
on IN-1 and SN samples are shown in Fig. 3. The samples
exhibit a clear-cut first-order phase transition and deep
supercooling of the normal state under decreasing field, hence
testifying to the high purity of the samples. The electrical
resistance was measured with a low-current ac bridge. The
resistance data obtained with the IN-2 sample are shown in
Fig. 4; the very high purity of this sample is also evident
from the fact that the resistance does not reach a temperature-
independent residual value at temperatures down to 7,..”° The
elastic mean free path £ was calculated from the measured
residual resistivity ratio (RRR); the values of the product £p
(p is the resistivity) at room temperature necessary for that
were taken from Ref. 30.

Typical AFM images and scans of indium and tin samples
are shown in Fig. 5. The surface of the In films con-
sists of nearly atomically flat terraces (the root-mean-square
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FIG. 11. (Color online) Reflectivity of neutrons polarized parallel
(R™) and antiparallel (R™) to the magnetic field in the Meissner
state in In at 7 = 0.3 K and By = 275 Oe. Inset (a): Measured spin
asymmetry (points) and its simulation with B(z) obtained from the
local (dashed curve) and nonlocal (solid curve) theories with A} =
28 nm and &, = 380 nm. Inset (b): Measured (points) and simulated
(curve) reflectivity in the normal state.
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FIG. 12. (Color online) Reflectivity of neutrons polarized parallel
(R*) and antiparallel (R™) to the magnetic field in the Meissner
state in Sn at 7 = 1.75 K and By, = 157 Oe. Inset (a): Measured
spin asymmetry (points) and its simulation with B(z) obtained from
the local (dashed curve) and nonlocal (solid curve) theories with
AL =37.5nm and & = 310 nm. Inset (b): Measured (points) and
simulated (curve) reflectivity in the normal state.

roughness of the terrace areas is <2 A) with a typical size of
about 5 um with voids in between. This size is much larger
than &, while the total area of the voids does not exceed 3%
of the sample surface. Therefore the terrace surface structure
should not affect the electrodynamic properties of the films.
The surface of the polished Sn sample has a short-wavelength
roughness well characterized by the rms roughness.

The phase diagrams of the samples used in this work along
with other high-purity Alfa-Aesar In and Sn samples are shown
in Fig. 6. The measured data on the thermodynamic critical
field H.(T) and T, perfectly agree with values reported in the
literature.>"*? For all samples the elastic mean free path £ >
10 um > &; therefore the samples are type-I superconductors
in the pure limit.>

V. RESULTS AND DISCUSSION

The LE-1uSR experiments were performed at the £ E4 beam-
line of the Swiss Muon Source at the Paul Scherrer Institute.>?
The B(z) points obtained using the Gaussian model for the
depolarization of the precessing muons along with the B(z)

N |
80 -
® muons
o neutrons
T 601 4 Ret.s
£
< 40 two-fluid formula—____
L @
20 Tc
0.0 05 1.0 1.5 2.0 25 3.0 3.5

T(K)

FIG. 13. (Color online) Temperature dependence of the London
penetration depth in indium determined from the LE-uSR (muons)
and PNR (neutrons) measurements.
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FIG. 14. (Color online) The London penetration depth in tin
determined from the LE-uSR (muons) and PNR (neutrons) mea-
surements.

curve calculated from the local and nonlocal theories for In
and Sn are presented in Figs. 7 and 8, respectively. The sample
temperature was determined in situ based on the H.(T') phase
diagram obtained from magnetization measurements (Fig. 6).
As can be seen in Figs. 7 and 8, the “Gaussian” B points exhibit
a pronounced nonexponential depth dependence, consistent
with the nonlocal effect. Discrepancies between the points
and the “nonlocal” theoretical curves are mainly caused by
incomplete adequacy of the Gaussian model. On the other
hand, the qualitative consistency of the “Gaussian” points with
the nonlocal theory justifies the application of the time-domain
model, directly assuming the “nonlocal” shape of B(z) with
AL as an adjustable parameter.

In nonlocal superconductors the effective penetration depth
is Agff ~ )»%EOZ. Therefore either Ay or & has to be determined
using an additional criterion. Since A.g is mainly sensitive to
AL and &y depends weakly on temperature, this parameter is &.
Its optimal value was found from a x? analysis of the global
fits (simultaneous fitting of all implantation energy data sets
at each temperature). The fits were performed with different
&y chosen around a theoretically estimated value of 377 nm
for In® and of 230 nm for Sn. The graphs for x?/NDF
(NDF stands for number of degrees of freedom) versus &
are presented in Fig. 9 for In and in Fig. 10 for Sn. Values
of &) at the minima and the best estimate for &; are given in
the insets. The best estimate for the Pippard coherence length
is 380 &30 nm (In) and 310 &= 25 nm (Sn). The values of
Ar obtained from the global fits with these values of &; are
presented in summary graphs in Figs. 13 and 14.

The PNR measurements were performed on the D3 reflec-
tometer at the NRU reactor in Chalk River.?® The experimental
data and simulations for the reflectivity of neutrons polarized

TABLE II. Values of London penetration depth A, of Pippard
coherence length &, and of the renormalization factor Z in In and
Sn obtained in this work. Z in Ref. 1 was obtained from tunneling
spectroscopy data; Z in Ref. 8 was deduced from the McMillan’s
equation for 7.

sample  Ap(0) (nm) & (nm) z z! VA
In 302 380 + 30 2+04 1.81 1.55
Sn 36 +4 310 £ 25 1.8+0.5 1.72
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parallel (R™) and antiparallel (R ™) to the magnetic field and for
the spin asymmetry (RT — R™)/(R" + R™) are presented in
Figs. 11 and 12 for In and Sn, respectively. In agreement with
our LE-uSR results and previous PNR results,'” the neutron
spin asymmetry [insets (a) in Figs. 11 and 12] simulated
with B(z) calculated from the nonlocal theory matches the
experimental data significantly better than the simulation
based on the London field profile. The “nonlocal” B(z) was
calculated with the values of &, obtained from the LE-uSR
data. The best match of the simulated spin asymmetry with
the experimental data was achieved for A (7 = 0.3 K) =
28.0 & 2.5 nm (In) and for A (T = 1.75 K) =37.5 £ 3.8 nm
(Sn).

Results for Ap inferred from the LE-uSR and PNR
measurements for In and Sn are shown in Figs. 13 and
14, respectively. For both metals the values of Ap(7) are
consistent with each other and agree with the two-fluid formula
AT = AZ(O)/[I —(T/ T.)*1?. The best estimate of Ay (0) in
Inis 30 &2 nm; in Sn itis 36 &= 4 nm.

Having determined Ap(0) and & we calculated Z from
Eq. (4). The results are summarized in Table II, from which
it can be concluded that for both In and Sn the values
of Z obtained in this work agree with the values obtained
from electron tunneling data. This implies that our results
quantitatively confirm the nonlocal electrodynamic effect and
confirm the validity of Eq. (4).

VI. SUMMARY AND OUTLOOK

High-resolution measurements of the Meissner state mag-
netic field profiles B(z,T) were performed in two extreme
type-1 superconductors, indium and tin, combining LE-uSR
and PNR measurements. The B(z) profiles quantitatively

PHYSICAL REVIEW B 87, 104508 (2013)

confirm the Pippard/BCS nonlocal electrodynamic effect
predicted by Pippard six decades ago. The B(z) data were
used to determine the Pippard coherence length &, the
renormalization factor Z for the electron-phonon mass en-
hancement of the Cooper pairs, and the London penetration
depth A (T) in In and Sn. An equation (4) linking &, A.(0),
and Z is introduced and experimentally verified. As demon-
strated, in nonlocal superconductors this expression allows one
to infer the renormalization factor Z from the B(z) data. In
local superconductors, including unconventional materials, for
which &j cannot be measured, Eq. (4) allows one to determine
&y from measured A (0) utilizing, e.g., LE-uSR spectroscopy
and Z using, e.g., electron tunneling spectroscopy.

Finally it is worth noting that in type-II superconductors
the size of the Cooper pairs can, in principle, be deduced from
1SR spectra measured in the mixed state. However a specific
procedure for that still needs to be developed.** Equation (4)
can be used to verify such a procedure.
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