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Abstract
Muons with 100% spin polarization and whose energy can be continuously
varied from 0.5 to 30 keV provide a novel extension of the µSR technique
allowing depth dependent studies of thin films and multilayered structures in
the range from ∼1 to ∼200 nm. For example it is possible to study magnetic field
profiles near the surface of superconductors and directly determine fundamental
quantities such as the magnetic penetration depth. Low energy muons (LE-µ+)
also allow mapping the spin polarization in multilayered structures, for instance
that of the conduction electrons of a non-magnetic buried layer in between thin
ferromagnetic layers.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The study of the magnetic and electronic properties of thin films has become in recent years one
of the most active areas of research. This development is motivated scientifically as well as by
the need and expectation for increasingly smaller and more efficient devices for technological
applications. Of special interest are structures with nanometre dimensions. Reducing one or
more dimensions of a physical system down to the nanometre scale can provide new insight
into fundamental physical mechanisms. The surface and near surface regions of bulk material
behave differently due to the loss of periodicity in one dimension and the disturbance caused
by terminating the solid in a surface. At interfaces the proximity to other layers leads to novel
interesting phenomena of interplay and coexistence of different ground states. A detailed
knowledge of the magnetic and electronic characteristics of nanomaterials is also a prerequisite
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to tailoring their functions in a controlled way and requires experimental techniques capable
of probing them on the nanometre length scale.

Spin polarized muons have long been used to study magnetic and electronic properties of
matter. The µSR results have added significantly to our knowledge and understanding of the
complex phenomenology of the superconducting and magnetic state as well as in other domains
of physics (e.g. semiconductors) and chemistry (e.g. radical chemistry, organic materials) [1].
So far, the major drawback of the technique has been its limitation to bulk studies of matter.
However, µSR as a nuclear solid state technique and the positive muons as a local probe with
specific, unique properties can also meet the challenge of studies on the nanometre scale.
Essentially all the advantages offered by the polarized positive muons and the various µSR
techniques (local highly sensitive magnetic and spin probe, proton/hydrogen isotope, time
window complementing neutron scattering and NMR or macroscopic methods, possibility to
perform experiments in zero magnetic field with no principal restriction to which materials can
be implanted) can be used to study thin films,near surface regions, multilayers and superlattices
composed of high temperature superconductors, magnetic materials, dielectrics, etc, making
the muon a novel tool and µSR play its role as an advanced sensitive analytical technique.

The bulk sensitivity is a consequence of the energy scale of the pion decay from which the
muons originate with a kinetic energy of ∼4.1 MeV. For thin film studies spin-polarized muon
beams with tunable energies from a few eV to several keV and narrow energy distribution
are required. Recently a beam with such characteristics has been developed at the Paul
Scherrer Institute and first experiments have been performed. Its unique characteristics lie
in the combination of µSR capability and depth sensitivity on the nm scale (LE-µSR). In this
paper we review the state of the art of this novel µSR technique and give some representative
examples of investigations.

2. Polarized muons for low-energy µSR spectroscopy

The conventionally used ‘surface’ muons with an initial implantation energy of about 4 MeV
have stopping ranges in a solid varying from 0.1 to ∼1 mm with a wide distribution of about
20% of the mean value. Ideally, to extend the µSR technique to thin film studies or to obtain
depth selective information one would like to have available a source of muons with just a few
eV energy and then re-accelerate them to the desired energy.

By controlling their kinetic energy muons can be implanted at well-defined depths ranging
from a few nanometres to a few hundred nanometres (see figure 1). Since the 1980s several
methods have been proposed to slow down muons with initially MeV energies. Conventional
cooling methods to reduce momentum and momentum spread, such as electron or stochastic
cooling, are too slow for muons, where rapid action is required within a few µs. Phase-space
compression of an energetic beam by deceleration and transport in pulsed electric and magnetic
field or ionization cooling by one-directional acceleration under transverse and longitudinal
slowing-down [2, 3] have proven too cumbersome for practical applications. A very simple
way to slow down charged particles is to thermalize them partially or totally in matter. Slow
beams of positrons and positronium are obtained for instance by bombarding solid foils with
energetic particles. In some well selected materials, the interaction of charged particles with
the solid constituents leads to a preferential emission probability at energies in the sub-eV
or eV range. Based on an analogous principle two lines of developments have been actively
pursued for muons:

(i) laser resonant ionization of thermal muonium (Mu) in vacuum produced from a hot metal
surface, and



Nano-scale thin film investigations with slow polarized muons S4585

Figure 1. Mean (straight curve) and rms (dash–dotted curve) projected range of positive muons
implanted in YBa2Cu3O7−δ as a function of kinetic energy. An absolute energy uncertainty of
400 eV for low energy muons and a relative uncertainty of 6% for the energetic ones has been
assumed. The dotted curve at low energies displays the intrinsic resolution for a monoenergetic
beam.

(ii) moderation of surface muons in wide band gap insulators, particularly van der Waals
bound solids.

The first method needs a pulsed muon beam synchronized to a laser system. Demonstration of
this principle has been achieved [4]. However, at the moment the slow muon intensity reached
is too low to allow the routine utilization of these particles as magnetic microprobes. The
second method has been intensively developed at PSI after pioneering experiments showing
that, similarly to the case of positrons, a few eV µ+ are emitted from rare gas solids bombarded
with surface muons [5] and that this process conserves the full initial polarization [6]. The
emission of these so-called epithermal muons is a consequence of the suppression of electronic
processes as a kinetic energy dissipating mechanism in insulators at energies of the order of the
band gap energy. This leads to a large escape depth and a preferred emission of those muons,
which in their statistical slowing down cascade have reached an energy of the order of 10 eV.

Based on optimized moderators as a very slow muon source, a beam of polarized muons
with variable energy has been developed at PSI making the use of muons as nano-probes
possible. The practical realization is discussed in detail in [7, 8]. Surface µ+ from the intense
πE3 channel at PSI are slowed down to ∼15 eV in an appropriate moderator consisting of a
thin layer (few hundreds nm) of a van der Waals bound solid deposited on a thin (∼100 µm)
Ag foil. The 10−4–10−5 fraction of the incoming beam emerging as epithermal muons from
the moderator are accelerated and transported by electrostatic ‘einzel’ lenses and a mirror to
the sample, where they are focused to a circular beam spot with typical diameter of 10 mm
(FWHM) slightly depending on the implantation energy. The final kinetic energy of the muons
arriving at the sample may be varied over the range 0.5–30 keV by applying an accelerating
or decelerating potential of up to 12 kV to the sample and up to +20 kV to the moderator.
The overall time resolution (rms) for a µSR experiment is 5–10 ns depending on energy.
Continuous improvement of the relevant moderator parameters such as composition, growth
parameter and temperature has led to the routine use of few hundred nm s-Ar, s-N2, or ∼1 µm
s-Ne grown on a microstructured Ag foil acting as a substrate. A top layer of ∼10 nm N2

reduces the ion background and improves the long term stability. Figure 2 shows the efficiency
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Figure 2. Moderation efficiency εµ—defined as the number of epithermal µ+ divided by the
number of incoming surface µ+—for various moderating materials as a function of the thickness
of the solid van der Waals layer condensed onto a patterned Ag substrate, which was held at a
temperature of 6 K. The solid curve is a fit of equation (1) to the s-Ne data.

Table 1. Moderation efficiencies for solid gas moderators relative to s-N2. With the LE-µSR setup
at PSI in the πE3 area we measured εµ(s-N2) ∼ 5 × 10−5 at a beam momentum of 27.4 MeV/c
and a beam momentum spread of 4% FWHM.

Moderator Relative moderation efficiency Escape depth (nm)

s-N2 1.0 16
s-Ar 1.25 30
s-Ar + 12 nm s-N2 1.42 30
s-Ne 2.5 105
s-Ne + 12 nm s-N2 2.5 105

of various moderators as a function of the condensed van der Waals gas layer thickness. The
slow muon yield increases with increasing thickness until it saturates at values of about three
times the typical escape depth Lesc where—in a simple one-dimensional diffusion model—the
thickness dependence of the moderation efficiency εµ is given by

εµ(d) = C · Lesc · tanh

(
d

2Lesc

)
+ ε0, (1)

with d the thickness of the film, C a pre-factor proportional to the stop density of the muons
and ε0 is the efficiency of the blank substrate.

A comparison between different moderators, see table 1, shows that s-Ne is the best muon
moderator. It yields an epithermal muon rate of about 3000 s−1 emerging from the moderator
at a surface muon rate of about 2.5 × 107 s−1 in the πE3 area (obtained with a primary proton
current of 1.8 mA impinging on a 60 mm graphite target). This results in a LE-µ+ rate of about
1200 s−1 at the sample.

3. Measurements of depth profiles of low-energy muons

In contrast to conventional µSR experiments, knowledge of the implantation range and
straggling at low energy is essential for designing and analysing thin film, multilayer and surface
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experiments with epithermal muon beams. When the muon enters a solid sample the initial
kinetic energy, which is much larger than the thermal energy of diffusion, is dissipated within
a few ps. It continuously loses energy predominantly by electronic collisions and changes
direction mainly by Coulomb scattering with the target nuclei. Due to the random nature of
the collisions a stopping profile n(z, E) is obtained as a result of the thermalization process
of a muon ensemble of energy E (z depth from the sample surface). First moment and rms of
this distribution are shown in figure 1 for µ+ stopping in the high temperature superconductor
YBa2Cu3O7−δ . The first quantity represents the projection to the beam direction of the total
distance travelled (projected range, Rp) and the second the corresponding straggle (�Rp).
The curves shown in figure 1 have been obtained from the moments of implantation profiles
calculated by using Monte Carlo codes originally developed for protons and heavy ions and
taking into account the typical finite energy resolution of the impinging beam. At low energies
the profile width is typically 5–10 nm. Even for perfectly monoenergetic particles there is an
inherent limit to the depth resolution due to the statistical broadening of the µ+ implantation
profile. This intrinsic broadening is the dominant effect for µ+ of an energy larger than ≈2 keV
(see figure 1). In the simulation the muon is treated as a hydrogen-like projectile of mass
mµ

∼= 1/9 mp = 0.113 amu. Its trajectory is calculated step by step by assuming that it changes
direction with each elastic binary collision with the atom nucleus and moves in a straight free
path between collisions, losing energy via inelastic electronic processes independent of elastic
contributions. When the energy of the muon drops below some threshold, it stops and the
projected end point of the trajectory is added in a histogram representing the range profile.
These programs have been successfully tested as basic analysis tools in various solid state
techniques like Rutherford backscattering, nuclear reaction analysis (e.g. for hydrogen depth
profiling), elastic recoil detection analysis, secondary ion mass spectroscopy, and in many
more. However, for an unrestricted use of muons as depth dependent magnetic microprobes
it is indispensable to independently test whether the implantation of these particles can be
reliably predicted as a function of energy for targets of variable composition and structure.

In first studies we measured partial integrals of range distributions N(d, E) =∫ d
0 n(z, E) dz in thin (d � 100 nm) metallic films of Al, Cu, Ag and Au evaporated on

an insulating substrate (fused quartz) as a function of the implantation energy (0.5 keV � E �
30 keV) and compared them with predictions from Monte Carlo codes [9]. The stopping
probability of the muon in a specific layer can be determined by muon spin precession
techniques using the fact that muons thermalize in metals as ‘free’ particles whereas in
insulators they mostly form muonium. These two states can be easily distinguished by their
different Larmor frequency in an external magnetic field with the amplitudes of the frequencies
being directly proportional to the fraction of muons stopped in the corresponding layer. This
way the quantity N(d, E) and also the fraction of µ+ backscattered from the surface as a
function of the energy and target atomic number has been obtained. They are well reproduced
by the simulated integrals of implantation profiles and reflection probabilities of keV muons in
metals obtained with TRIM.SP (transport and range of ions in matter) [10] using velocity-scaled
proton electronic stopping powers and energy scaled nuclear energy losses.

We recently extended the use of the muon spin rotation technique to directly image the full
differential implantation profile n(z, E) in a single implantation and imaging experiment. In
analogy with the magnetic resonance imaging technique this quantity can be obtained from the
spectrum of the Larmor precession frequencies in an inhomogeneous transverse magnetic field
B(z) of known gradient applied to the sample. The local magnetic field at each stopping site
causes a corresponding precession of the muon spin. The temporal evolution of the polarization
of the implanted muons, P(t), is indicated by the positron intensity variation with time at fixed
detector positions. These spectra contains oscillations which directly reflect the distribution
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of local magnetic fields p(B) (or of Larmor frequencies, ωµ = γµ B):

P(t) =
∫ ∞

0
p(B) cos(γµ Bt + φ) dB. (2)

This expression shows that p(B) can be obtained by Fourier transform of the collected spectra.
The field distribution sensed by the muons distributed over a profile n(z, E) is connected to
this quantity by the relationship

n(z, E) dz = p(B, E) dB (3)

which states that the probability that a muon will experience a field in the interval [B, B + dB]
is given by the probability that it will stop at a depth in the range [z, z + dz]. Rewriting
equation (3) as

n(z, E) = p(B, E)
dB

dz
(4)

shows that the differential distribution can be determined if a sufficiently large and known
magnetic field gradient is applied over the range profile. This principle has been demonstrated
by a measurement of the Gaussian stopping profile of surface muons in a millimetre thick
metallic foil. The relatively modest field gradient of the order of a few tens of T m−1, which
is required in this case was created by driving an intense electric current in the sheet [11]. Of
more interest is the application of this principle to the case of LE-µ+ where the non-Gaussian
shape of the range profile is a relevant input parameter for the data analysis. Due to the reduced
values of Rp and �Rp sizeably larger field gradients are necessary. For this we make use of
the magnetic field exponentially penetrating the surface of an extreme type-II superconductor
in the Meissner state [B(z) = Bext exp(−z/λ)]. With typical values of Bext

∼= 10 mT and
λ ≈ 100 nm, field gradients Bext/λ ≈ 105 T m−1 can be generated within the range distribution
of LE-µ+.

Measurements have been performed on a 50 mm diameter, 700 nm thick, high quality
YBa2Cu3O7−δ (YBCO) film (thickness uniformity better than 1%), grown by thermal co-
evaporation of the constituents onto a single crystal LaAlO3 substrate. The transition
temperature Tc was measured by ac susceptibility to be 87.5 K. The film had the crystal
c-axis perpendicular to the plane and the twinned a/b planes were well orientated with the
substrate. The sample was mounted in the UHV system of the slow muon source on the cold
finger of a continuous flow cryostat via a sapphire plate. The YBCO film was cooled below Tc

in zero field, and then a field of 9.5 mT was applied parallel to the surface and perpendicular
to the muon spin thus establishing the Meissner phase. In this case, currents flowing in the ab
planes determine the attenuation of the applied field into the film along the crystal c-axis. We
implanted µ+ at different energies corresponding to stopping distributions ranging from 0 to
∼200 nm. The distribution of the values of magnetic field p(B) experienced by the implanted
muons is derived by maximum entropy Fourier analysis of the decay positron histograms [12].
Please note that in a previous experiment we assumed the knowledge of the implantation
profile to microscopically prove that the field is penetrating exponentially and to make an
absolute measurement of the London penetration depth and its temperature dependence [13].
Here, by contrast, we assume an exponentially decaying magnetic profile with known λab to
measure the depth profile. The argument is non-circular since for the present analysis we
determine the value of λab by an independent measurement in the vortex state. The latter is
obtained by turning the external magnetic field and applying it parallel to the c-axis of the
same YBCO film but perpendicular to the initial muon spin polarization so that a transverse
field arrangement different from the previous one is obtained. The magnetic flux penetrates
the type-II superconductor in the form of a regular hexagonal lattice of flux lines each carrying
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Figure 3. Implantation profile of 3.4 keV muons in YBCO obtained by the direct imaging technique
(circles). The profile is compared with predictions of Monte Carlo calculations using the code
TRIM.SP with different assumptions about the scattering potential.

one flux quantum 	0 = 2.07 × 10−15 T m2 resulting in a spatially varying field B(r) and
a corresponding strongly asymmetric field distribution pvortex(B). The parameter λab can be
extracted from the difference between the mean field 〈B〉 = ∫

Bpvortex(B) dB and the most
probable field Bsaddle of the field distribution or by fitting the field distribution to a modified
London model. For the chosen geometry 〈B〉 = µ0 Hext and a reliable estimate is given by [14]:

Bext − Bsaddle = ln(2)
2

3

	0

4πλ2
ab

(5)

from which we obtain λab(20 K) = 150 nm. From the simultaneous fit of pvortex(B)

measured at different implantation energies we obtain λab(20 K) = 145 ± 5 nm [15]. For
the determination of n(z, E) via (4) we used the latter value and included a dead layer
z0 = 9.5 nm [13]. The value of λab is in good agreement with the results from microwave
transmission experiments on YBCO thin films [16] and muon spin rotation measurements on
YBCO single crystals [17].

Figure 3 shows as an example the depth profile of muons implanted at 3.4 keV measured
by the direct imaging technique described. The curve is compared with predictions of a
simulation using the code TRIM.SP. It can be seen that the experimental points in figure 3
are well reproduced by the calculations, with no adjustable parameters. Consistently with the
results obtained in the measurements of the partial integrals, the TRIM.SP code gives more
reliable predictions than its variant SRIM2003 [18]. The position of the most probable depth
and the initial shape of the distribution are particularly well reproduced. The range profiles
vary by less than 5% in the relevant range when the Moliere potential used to describe the
scattering of the muons inside the solid is replaced by another elastic scattering potential. The
shape of the measured profile shows deviations from the calculated distributions only at the end
of the muon paths, where channelling effects and an underestimation of the finite resolution
of the maximum entropy method may play a role. Overall, these and the other data show that
we are able to predict the implantation profiles of low energy muon in samples with good
accuracy, sometimes a necessary condition for a proper interpretation of the data.
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4. Magnetic field penetration at the surface of superconductors

Often the magnetic state at the surface of a system is expected to differ from that of the
bulk. An example is for instance the predicted spontaneous magnetization at the surface of a
superconductor as a consequence of broken time reversal symmetry [19]. The determination
of the value of a magnetic field as a function of depth below the surface is a non-trivial problem
because a local probe is required to sample the local field in this region.

To illustrate the near surface sensitivity of LE-µSR we consider here the Meissner effect.
In a superconductor in the Meissner state an applied field is excluded from the bulk and
will penetrate only in a near surface region. In the so-called London limit [20], for a plane
superconducting surface, the functional form of the decaying magnetic field B(z) is predicted to
be exponential, with the decay length determined by a single parameter, the London penetration
depth λL. If the second fundamental length scale in a superconductor, the coherence length ξ ,
which is roughly speaking the size of a Cooper pair, is non-negligible, the electrodynamical
response of the superconductor has to be averaged over it [21]. One consequence of this non-
local response is the modification of the B(z) dependence in the Meissner state so that for a
plane superconducting surface, B(z) will no longer be exponential and even change its sign
beneath the surface of the superconductor. These findings were confirmed by the microscopic
BCS theory [22] a few years later. Though the theoretical predictions have stood for half
a century, the direct experimental verification of the functional form of B(z) in the general
as well in the local limit still wait for confirmation. Also a truly direct determination of the
fundamental characteristics lengths of a superconductor has not been available up to now.

Common methods to measure λL are µSR measurements in the bulk of the vortex state [17],
two-coil mutual induction techniques [23, 24], microwave experiments [25] and magnetization
measurements [26, 27]. However, they rely in one way or another on model calculations
or normalizations to normal state parameters and cannot be considered absolute and model
independent. Bulk-µSR measurements are only applicable to type-II superconductors, since
they determine λL from the vortex state, as previously described. They rely on the establishment
of a regular vortex lattice of known symmetry where disorder is not allowed to play a dominant
role. Furthermore the magnetic field generated by a single vortex must be known. Non-local
effects have been sought in various other experiments: Sommerhalder and co-workers detected
the sign reversal of B(z) by measuring the field leaking through a hollow cylindrical film of
tin [28–30]. However, no quantitative results could be drawn from this experiment. Other
experiments were based on the magnetoabsorption resonance spectroscopy technique [31]. The
technique uses the fact that in a type-I superconductor in a static magnetic field quasiparticle
excitations are bound to the surface within the penetration layer by an effective magnetic
potential of the form [32]:

V (z) = −eh̄ pF

m∗
dB

dz
(6)

where pF is the Fermi momentum and m∗ the effective mass of the charge carriers. Indication
of non-local effects in Al was inferred by comparing microwave induced resonant transitions
between the energy levels of these bound states with transition fields calculated from the energy
levels of the trapping potential, parameterized to include the shape of the non-local BCS-like
potential. Due to the resonant character of the experiment, only a few specific points of the
potential are probed. In addition the analogous surface wells and resonances in the normal
metallic state have to be understood very well in order to interpret the data. This, together with
simplifications in modelling the energy levels and wavefunctions of the surface bound states,
leaves room for speculation. Quasiparticle-magnetospectroscopy probes the vector potential,
whereas the specular reflectivity of neutrons spin polarized parallel or anti-parallel to B may
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probe the magnetic field. However, this technique requires model-fitting of spin-dependent
scattering intensities and does not give a direct measure of the spatial variation of the magnetic
field. Experiments performed so far have found non-local effects to lie beyond the sensitivity
of polarized neutron reflectivity [33].

For a theoretical description of the Meissner–Ochsenfeld effect one has to take into
account that an external electromagnetic field acts on the ground state of a superconductor as a
perturbation4. Within a standard perturbation expansion one can show [34] that the following
non-local relation between the current density j and the vector potential ∇ ∧ A = B holds in
the stationary case:

jα(r) = −
∑

β

∫ {
Rαβ(r − r′) − e2nS

m∗ δ(r − r′)δαβ︸ ︷︷ ︸
=:Kαβ(r−r′)

}
Aβ(r′) dr′ (7)

where e is the electron charge and nS the supercarrier density. Kαβ(r − r′) is called the
integral kernel. The vector potential A(r) needs to be properly gauged so that equation (7) is
physically meaningful5. Rαβ(r−r′) describes the (non-local) paramagnetic response, whereas
the second term in the bracket reflects the diamagnetic one. If the ground state wavefunction
of the superconductor were ‘rigid’ with respect to all perturbations Rαβ would be identically
zero and equation (7) would reduce to the London equation

jα(r) = − 1

µ0

1

λ2
L

Aα(r) (8)

with the London penetration depth λL = √
m∗/(µ0e2nS) and µ0 the permeability of the

vacuum. This, together with the Maxwell equation ∇ ∧ B = µ0j, results, for a semi-infinite
sample, in the well known penetration profile

B(z) = Bext exp(−z/λL), (9)

where Bext is the externally applied magnetic field.
In situations where the paramagnetic term Rαβ in equation (7) cannot be neglected one

arrives by using the Fourier transform of equation (7) to the expression (in the one dimensional
case of specular reflection of the charge carriers at the surface)

B(z) = Bext

∫
q

q2 + µ0 K (qξ, T, )
sin(qz) dq, (10)

where K (qξ, T, ) is the Fourier transformed kernel from equation (7). It can be expressed
explicitly in the Pippard model [21] or a microscopic theory such as BCS [22]. Equation (10)
reduces to an exponential decay if K (qξ, T, ) is independent of q , and indeed, in the London
limit µ0 K (qξ, T, ) = 1/λ2

L.  is the electronic mean free path and ξ(T, ) the Pippard
coherence length:

1

ξ(T, )
= J (0, T )

ξ(0)
+

1


(11)

with the weak temperature dependence of ξ(T, ) given by BCS theory

J (0, T ) =
[
λ(T )

λ(0)

]2
�(T )

�(0)
tanh

[
�(T )

2kBT

]
, (12)

where �(T ) is the superconducting energy gap and kB the Boltzmann constant.

4 This is at least true for magnetic field strength H 
 Hc (Hc, thermodynamical critical field) and for frequencies
ν 
 2�/h̄, where � is the energy gap and h̄ the Planck constant divided by 2π .
5 The gauge invariance requires ∇ · A = 0, i.e. only the transverse part of A has to be used.
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Figure 4. Theoretical magnetic penetration profiles in the Meissner state for (a) a hypothetical
material in the London limit (ξ 
 λL) with λL = 50 nm, and (b) aluminium according to
equations (10)–(12) for ξ(0) = 1600 nm and λL = 50 nm.

Type-I superconductors require a non-local treatment. However, it should be noted that
the border between type-I and II superconductors (κ ≡ λL/ξ = 1/

√
2) does not coincide with

the border between local and non-local electrodynamics and that in isotropic superconductors
noticeable non-local effects are expected for κ as large as 1.6 [35].

Even in extreme type-II superconductors such as the high-temperature superconductors
subtle non-local effects are predicted if the superconducting ground state has a gap with
nodes [36]. Close to these points of the Fermi surface the anisotropic coherence length
ξ(k) = h̄vF/(π�k) effectively diverges and therefore equation (7) becomes angular dependent
with local and non-local contributions. The functional form of equation (10) is valid even in
the strong coupling limit, if ξ and λL are properly renormalized: ξ → ξ/

√
Z and λL → λL Z

with Z = 1 + λe−ph (λe−ph, electron–phonon coupling) [37].
Figure 4 shows magnetic penetration profiles in the Meissner state for a plane

superconductor surface calculated for the local case (a) and an extreme non-local case (b).
Note the different shape of B(z): in the local case the initial slope is larger, i.e. the magnetic
field penetrates less deeply into the superconductor reflecting the more efficient diamagnetic
screening. In the logarithmic plot the non-local penetration profile shows a clear deviation
from an exponential shape, exhibiting a sign reversal of the field at some distance from the
interface.

As an example of magnetic field profiling we present selected data of YBCO and Pb.
These two materials were chosen since YBCO is a clear cut type-II superconductor (λL � ξ )
which should show an exponential decaying magnetic penetration profile6, whereas Pb in
the clean limit should show a clear non-exponential B(z) according to equation (10). For
detailed discussion and other materials investigated by the same technique, we refer the reader
to [13, 38, 39]. The characterization of the YBCO sample was presented in section 3. The
Pb sample was directly sputtered onto a sapphire crystal (diameter 50 mm). The thickness of
the film was determined by a high sensitivity surface profiler and Rutherford backscattering
(RBS) to d = 1055(50) nm. An oxide layer of 5.8(3) nm was measured by RBS. The
critical temperature, Tc = 7.21(1) K, was measured by means of resistivity and susceptibility
measurements. From resistivity data a mean free path  ≈ 100 nm was estimated. The
experiments were carried out in transverse field geometry. A field Bext of typically 0.1 mT
was applied parallel to the sample surface after zero field cooling. Bext was chosen to be much

6 Non-local effects predicted in this material due to the d-wave character manifest themselves primarily in the T -
dependence of λ at very low temperatures (T 
 1 K) and for Bext ‖ c-axis.



Nano-scale thin film investigations with slow polarized muons S4593

Figure 5. Typical time spectrum A0 P(t)/P(0) of a LE-µSR experiment. The data shown are
from Pb, zero field cooled, T = 3.05 K (Tc = 7.21 K), Bext = 8.82(6) mT, and an implantation
energy E = 5.2 keV. The right-hand side shows the µ+ stopping distribution n(z, E = 5.2 keV)

for Pb and the magnetic penetration profile.

smaller than the thermodynamic critical field Hc for Pb and Bext 
 Hc1 , the lower critical field
for YBCO. Muons were implanted in the sample with variable energy between 1 and 30 keV
and having their initial spin direction parallel to the surface and perpendicular to Bext. The
value of the applied magnetic field was determined from the Larmor frequency measured at a
temperature above Tc.

A typical LE-µSR time spectrum A0 P(t)/P(0) for Pb in the Meissner state is shown in
figure 5. A0 is the experimental asymmetry and P(t)/P(0) the normalizedµ+ spin polarization.
The right-hand side shows the corresponding µ+ stopping distribution, n(z, E), as well as the
expected magnetic field profile. In the experiments with LE-µ+ magnetic field distributions
p(B, E) as a function of the implantation energy E are measured. The starting equation to
relate this quantity to the spatial variation of the local field is equation (3), which integrated
on both sides yields:∫ z

0
n(ζ, E) dζ =

∫ ∞

B
p(β, E) dβ. (13)

Since n(z, E) can be simulated very reliably (see section 3) equation (13) represents for a given
z an equation for B from which the functional relationship B(z) is obtained. An important
point to be noted is that the physical processes simulated in TRIM.SP are absolutely unrelated
to any theory or model describing superconductivity and hence B(z) is obtained without any
previous a priori assumption about the superconducting state. This is an important difference
with respect to other methods to determine for instance the penetration depth. Figure 6
shows measured magnetic penetration field profiles B(z) for Pb and YBCO plotted as reduced
field B(z)/Bext versus z/λL. The small symbols which form an almost dense curve show
magnetic field profiles obtained via equation (13). The circles with the error bars originate
from an alternative way to analyse the data making use of the moments of the distributions
and an iterative procedure starting from equation (3) (see [13, 38]). The profile in YBCO
follows the exponential law as predicted by equation (9) with a magnetic penetration depth
λYBCO

L = 146(3) nm at 20 K. In contrast, the magnetic field profile for Pb strongly deviates
from an exponential curve and displays the characteristic curvature predicted by equation (10).
Unfortunately, due to the present energy range of the muons, we could not follow B(z) to very
low fields, which would allow us to test the field reversal beneath the surface. Fits with the
BCS theory yield a magnetic penetration depth of λPb

L = 55(1) nm and a coherence length
ξPb(0) = 90(5) nm at T = 0 K.
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Figure 6. Magnetic penetration profile in the Meissner state. Lower data set: YBa2Cu3O7−δ at
T = 20 K (Tc = 87.5 K); upper data set: Pb at T = 3.05 K (Tc = 7.21 K). The curves are fits to
the corresponding models. For details see the text.

These two experiments exemplarily demonstrate the ability of the LE-µSR technique
to image magnetic field profiles beneath the surface of materials on a nanometre length
scale and to yield a direct determination of otherwise not easily accessible quantities such
as magnetic penetration depth and coherence length. The magnetic penetration depth is
related via λL ∝ √

m∗/nS to fundamental parameters of the superconducting carriers and
has provided detailed information about microscopic characteristics of the superconducting
state (for instance about the gap symmetry via its T -dependence [40]). The fact that this
quantity as obtained from the microscopic profile in the Meissner state is not obscured by
normalizations or details of the vortex state (as in µSR experiments based on relationships
between field inhomogeneities in the mixed state and λL) makes this method very well suited
for searches for delicate effects where a precise determination of λL is crucial. One example
is the search for isotope effects in high-temperature superconductors [41]. Very recently, the
magnetic field profiles in the Meissner state of nearly optimally doped YBCO films with 16O
and 18O substituted atoms were measured by means of LE muons. While a small isotope effect
on Tc was observed, a significant relative difference of 2.8% could be detected in the in-plane
magnetic penetration depth λab, i.e. of 5.6% in m∗

ab, respectively [27]. This result indicates that
in optimally doped cuprate superconductors, even if a small isotope effect on Tc is observed,
the mass of the superconducting carriers is not decoupled from the mass of the lattice atoms,
which is not expected in a BCS model as long as the adiabatic approximation holds, which is
the case for most classical superconductors.

5. Interlayer exchange coupling in Fe/Ag/Fe trilayers—mapping the spin polarization
in the Ag spacer

Controlling thin film growth on a nanometre scale has opened the possibility of tailoring
magnetic heterostructures with new fascinating physical properties. The combination
of different materials and the small dimensions of these heterostructures lead to the
extraordinary properties of artificially layered systems including spin transport [42, 43], giant
magnetoresistance (GMR) [44, 45] and interlayer exchange coupling (IEC) [46]. The IEC
between two ferromagnetic films separated by a non-magnetic spacer oscillates and changes
sign as a function of spacer thickness. Theoretical models imply the existence of a spatially
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oscillating conduction electron spin polarization in the spacer which mediates the magnetic
coupling. This quantity is hardly accessible experimentally since the small induced polarization
rapidly decays as a function of distance from the magnetic interface and since the non-magnetic
layer is sandwiched between the ferromagnetic layers with large magnetic moments. Therefore
a local probe with large sensitivity is needed to investigate these systems. LE-µSR has allowed
us for the first time to determine the induced conduction electron spin polarization in the Ag
spacer of an epitaxial 4 nm Fe/20 nm Ag/4 nm Fe(001) trilayer at large distances x from the
magnetic interface.

The most intuitive approach to describe the IEC is the so-called Ruderman–Kittel–Kasuya–
Yosida (RKKY) model, originally developed to describe the indirect coupling of localized
magnetic impurities embedded in a non-magnetic metallic host [47, 48]. Here the coupling
between the magnetic ions is mediated by a spatially oscillating conduction electron spin
polarization of the metal with strength and sign of the coupling determined by the direct
exchange interaction between the conduction electrons and the impurity spin and by the distance
R of the magnetic ions. In a free-electron approximation, the exchange integral J (R) oscillates
according to

J (R) ∝ 2kF R cos(2kF R) − sin(2kF R)

(2kF R)4
, (14)

with kF the Fermi vector of the host material. By proper summation of the RKKY interaction
over the two magnetic sheets separated by a metallic spacer of thickness D this model can
be adopted to describe the IEC in a straightforward manner [49–51]. The interlayer coupling
energy Ei per unit area can be written as

Ei = −J (D)
M1 · M2

M1 M2
(15)

with Mi the magnetization of the two ferromagnetic layers and J (D) the coupling constant,
which oscillates with the spacer thickness:

J (D) ∝ D−2 sin(2kF D). (16)

The R−3 decay for isolated magnetic ions modifies to a D−2 dependence in the IEC case as a
consequence of the integration over the magnetic sheets. It should be noted that this simple
model only predicts one oscillation period � = π/kF of the order of the lattice constant.
Experiments determining the IEC strength, however, often observe two oscillations with much
larger period [52]. This can be understood by taking into account real non-spherical Fermi
surfaces and the fact that in experiments with variable spacer thickness the IEC is sampled in
steps of one monolayer.

The oscillation periods are determined by the topology of the Fermi surface of the
spacer [53, 54]. In particular, parallel regions of the Fermi surface connected by extremal
spanning vectors q perpendicular to the interface dominate the coupling due to their high density
of electronic states. Multiple extremal spanning vectors lead to a superposition of oscillations
with different periods. Figure 7 shows a sketch of the Ag Fermi surface. Two extremal
spanning vectors along the [001] direction are present in Ag: one at the belly (qbelly) and one at
the neck (qneck) of the Fermi surface. Sampling the oscillating function with the wavenumber
q at discrete points results in an observable oscillation periods � that can be remarkably larger
than the lattice constant [49]. Due to this aliasing effect, e.g. effective oscillation periods
�belly = 1.17 nm and �neck = 0.485 nm have been observed in Fe/Ag/Fe [55] in excellent
agreement with the ones calculated from the Ag Fermi surface [53]. In summary, if both
the non-spherical Fermi surfaces and the aliasing effect are taken into account, equation (16)
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Figure 7. Sketch of the (001) Ag Fermi surface cross section. The two extremal spanning vectors
at the belly and at the neck of the Fermi surface dominate the IEC and give rise to the observed
long and short period oscillations, respectively.

generalizes to

J (D) ∝
∑

n

Cn D−2 sin(2π D/�n + φn), (17)

where the sum is performed over all extremal spanning vectors with the corresponding effective
oscillation periods. In this extended RKKY model, the amplitudes Cn do not only depend on
the contact interaction of the conduction electrons to the ferromagnetic ions, but also on
the curvature of the Fermi surface at the corresponding extremal points. The phases φn are
determined by the type of the extremal spanning vector, with φn equal to 0, π/2, or π , when
qn is a maximum, a saddle point, or a minimum, respectively. Various experiments probing
the relative orientation of the magnetization of the two ferromagnetic layers as a function of
spacer thickness have shown that the RKKY theory is able to make good predictions about
the oscillation periods and that it gives a relatively intuitive physical understanding of the
coupling mechanism [54]. Within the RKKY theory the coupling of the ferromagnetic layers
is mediated by the oscillating conduction electron polarization in the spacer. The associated
local magnetization Mloc(x) is given by the superposition of the magnetization profiles M(x)

induced by each of the two interfaces Mloc(x) = M(x) + M(D − x)

M(x) ∝
∑

n

Cn x−2 sin(2πx/�n + φn), (18)

with x being the distance to the interface. Although this locally induced polarization is the
essential element of the model, it had never been investigated thoroughly due to the lack of
suitable experimental techniques.

The conduction electron spin polarization has been determined by LE-µSR in the Ag
layer of a epitaxially grown Fe/Ag/Fe(001) trilayer [56] and in a Fe/Ag(001) bilayer [57].
The muon probes the local polarization of the conduction electrons Mloc(x) by sensing the
corresponding Fermi contact field µ0 Mloc(x) at interstitial lattice sites. The high sensitivity of
the µSR technique allows us to detect induced magnetic moments down to 10−4 µB, making
it possible to study the spin polarization at much larger distances from the magnetic interface
than with other local probe techniques.

Figure 8 depicts the principle of the LE-µSR measurement. Muons with a kinetic energy
of 3 keV are implanted into the sample where they stop within the Ag spacer with a range
distribution n(x). Transverse field µSR measurements have been performed on magnetized
samples, with the external field Bext = 8.8 mT applied along the magnetically easy axis of
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Figure 8. Principle of the LE-µSR investigation of the oscillating induced conduction electron
spin polarization in the Ag spacer of a 4 nm Fe/20 nm Ag/4 nm Fe(001) trilayer. The muons are
implanted into the trilayer with the stopping distribution n(x, E). The measured field distribution
p(B) directly reflects the spatial variation of the polarization within the spacer as sampled by the
muon ensemble. Negative and positive hyperfine field contributions caused by the Fermi contact
interaction between the µ+ and polarized conduction electrons add to Bext. p(B) exhibits distinct
peaks at values corresponding to maxima or minima of the oscillating B(x).

the sample within the film plane. In this situation, the local field at the muon in silver is the
sum of the external magnetic and the Fermi contact field: B(x) = Bext + µ0 Mloc(x). Since
the muons are distributed over the whole spacer, the measured field distribution p(B) reflects
the spatial variation of the conduction electron spin polarization sampled by the µ+ ensemble.
This allows us to investigate Mloc(x) for a large portion of the spacer with a single LE-µSR
experiment without the necessity to rely on several samples with different thicknesses. For a
given theoretical Mloc(x), the expected field distribution p(B) can be calculated by weighting
Mloc(x) with the µ+ stopping profile n(x). A spatially oscillating Mloc(x), as shown in figure 8,
gives rise to distinct peaks in p(B). The peaks in p(B) reflect the higher probability density
of B at those depths x in the spacer where the oscillating B(x) is maximum or minimum. It
should be noted that the peaks in p(B) alternate around Bext reflecting the damped oscillation
in the spacer. The peaks next to Bext arise from the extreme values of B(x) in the centre of
the spacer, while the peaks further away from Bext are due to maxima and minima which are
closer to the interfaces. The actual measured field distribution p(B) has been obtained from
time-differential LE-µSR data in three different ways:

(i) by fitting the data directly in the time domain with a superposition of precessing signals
of unknown amplitudes,

(ii) by a simple fast Fourier transformation, and
(iii) by a maximum entropy analysis.

Figure 9 shows the results from the different types of analysis.
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Figure 9. Field distribution p(B) sensed by the µ+ ensemble from: fit in time domain of the time-
differential LE-µSR data, fast Fourier transformation and maximum entropy analysis. Independent
of the analysis the distributions show the typical features of a spatially oscillating conduction
electron polarization within the Ag spacer. The model calculation represents the best fit to the data.
The dotted vertical lines indicate the position of the characteristic peaks in p(B).

The position of the peaks reflecting the spatially oscillating Mloc is robust versus different
methods used to extract the frequency spectrum. Independent of the analysis the data actually
exhibits all the essential features expected for a spatially oscillating Mloc(x) within the spacer.
The data can be best fitted by a model based on equation (18) (see figure 9). Only the long
period oscillation (�belly = 1.17 nm) which corresponds to the extremal spanning vector from
the belly of the Ag Fermi surface is necessary to describe the oscillating polarization and the
corresponding p(B). No contribution of the short period oscillation (�neck = 0.485 nm) to
Mloc(x) is observed. Furthermore, the electron spin polarization of the belly states is found
to be of extremely long-range nature giving rise to a x−0.8(1) decay of the polarization as a
function of distance from the interface.

The observation of the same periodicity �belly for the IEC and for Mloc(x) measured by
LE-µSR proves their close relationship. The short period oscillation is not detected in our
experiment. This is in accordance with the observation that the IEC is dominated by the belly
states in the Fe/Ag/Fe system [58]. Moreover, it is reasonable to assume that, due to roughness
of the interfaces and to thickness variations of the spacer which are of the same order as �neck,
the short period oscillation is washed out at the µ+ site. However, the unexpectedly long range
of Mloc(x) is at variance with the simple RKKY model, which predicts a x−2 dependence of
the polarization. Furthermore, the IEC strength in Fe/Ag/Fe is found to follow the expected
D−2 law [59].

A possible reason for this unexpected behaviour is the spin-dependent quantum
confinement of conduction electrons within the spacer [60, 61], which is neglected by the
RKKY model. Unfortunately, an analytic expression for Mloc(x) that includes the quantum
confinement of electrons in the spacer is not available for the Fe/Ag/Fe system. Semi-analytical
estimates exist only for Co/Cu/Co giving an asymptotic stationary phase formula for the
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polarization [62]. In this model, the amplitude and the decay of the oscillating polarization
depend on the curvature and velocity of carriers at the Fermi surface extremal points and on
the matching of ferromagnet and spacer bands. Due to the mismatch of the conduction bands,
the neck states are fully confined within the spacer in Co/Cu/Co. For the contribution of these
electron states, the theory predicts a x−1 initial decay of the polarization and a clear deviation
from the x−2 law for distances up to 20 nm. In Fe/Ag/Fe the belly states are fully confined as
proven by photoemission spectroscopy [63]. In analogy to the Cu/Co system, it may be argued
that the confined belly states in Fe/Ag could also lead to a long-range oscillating conduction
electron polarization as observed by LE-µSR. The apparent difference between the IEC and
the induced polarization has also been inferred from numerical calculations of the Co/Cu/Co
system [64]. Here, the authors conclude that the IEC cannot be regarded as a transfer of an
oscillating magnetic moment, but that it is rather caused by the energy difference due to the
confined quantum well states within the spacer.

In summary, the LE-µSR data represent the first observation of the conduction electron
spin polarization at large distances from the magnetic interface within a trilayer, revealing its
extreme long-range nature. This unexpected behaviour might be caused by the confinement
of electron states from the belly of the Ag Fermi surface. However, this conclusion is based
on theoretical works for the Co/Cu system, using analogical arguments. Therefore, proper
calculations for the Fe/Ag system are needed to provide further evidence for this scenario.

The investigations on the trilayer have been complemented by energy-dependent
measurements on a 4 nm Fe/300 nm Ag(001) bilayer [57]. Using muon implantation
energies between 3 and 30 keV, the induced conduction electron spin polarization was
probed in Ag at different depths up to 107 nm beneath the magnetic interface. A long-
range polarization within Ag is inferred from the measured µSR depolarization rates for the
bilayer sample, thus qualitatively confirming the results obtained in the trilayer system. Very
recent measurements with LE-µSR of a ferromagnet/superconductor/ferromagnet thin film
hybrid structure (Fe/Pb/Fe) have shown also evidence of a long range oscillating electron spin
polarization in the spacer material above and below the superconducting transition temperature.
The general RKKY-type features and the attenuation coefficient are in good agreement with
the ones found in the Fe/Ag/Fe system [65].

6. Outlook

The availability of 100% polarized muons of tuneable energy in the keV range has allowed
the extension of µSR techniques to study thin films, multilayered samples and near surface
regions. The kind of information provided by LE-µSR is hardly accessible by other methods.
A similar technique is β-NMR [66], which is complementary and attractive in concomitance
with µSR because longer relaxation times can be observed. Compared to more mature nuclear
solid state techniques LE-µSR is still in its infancy. However, the experiments summarized in
this overview well illustrate the potential to obtain a novel characterization of superconducting
and magnetic properties.

Especially interesting is the possibility to directly profile local magnetic fields and spin
polarizations in near surface regions or thin films on a nm scale and to study thin film
heterostructures layer by layer. Multilayers, designed and produced in a huge variety of
configurations, can be used to investigate for instance a long standing question such as the
coexistence and interplay of magnetism and superconductivity. This can be addressed by
measuring the local magnetization of heterostructures consisting of ferro-or antiferromagnetic
materials and superconductors. In addition, multilayered structures of isostructural insulating,
conducting and superconducting materials of the 123 compound are ideal model systems to
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probe specific properties of high-Tc superconductors, such as the role of the individual layer
thickness, of the coupling between superconducting layers or of the two-dimensional versus
three-dimensional nature of unconventional superconductivity. LE-µSR can also expose
dimensional or surface effects in many other fields (e.g. in spin glass freezing or polymer
dynamics).

Last but not least we would like to mention that we expect a quantum step in the capability
of LE-µSR with the completion at PSI of the new high intensity surface muon beam line,
which has been specially designed for LE-µ+ applications and is in an advanced stage of
construction. Increase of the LE-µ+ intensity by a factor of seven at the dedicated new µE4
beam line will result in a rate at the sample of about 8000 s−1 thus achieving fluxes which are
comparable to bulk µSR facilities. This will allow the full exploitation of the potential of this
novel technique.
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