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Abstract

In hybrid mesoscopic systems the Meissner response of a superconducting
film can be very different from its bulk behaviour. For instance, in normal
(N) superconductor (S) bilayers screening can be greatly enhanced depend-
ing on the relative material properties and interface conditions. Further-
more, with the addition of ferromagnetic (F) layers comes the possibility
of generating a paramagnetic screening response due to spin triplet pairs.
Such pairs are produced from the mixing of opposing microscopic orders
within S (which conventionally hosts electron pairs of opposite spin and
momenta) and F (inside which spin symmetry is broken). The net result
is a conversion of a fraction of the pairs to an odd-frequency s-wave triplet
state. Any resultant modifications to the screening manifest in the flux
profile across a sample which is directly probed using low energy muon spin
rotation (LEµSR).

Results of LEµSR experiments involving layered systems comprised of N, S
and F elements are presented within chapter 3. A discrepancy between the
pre-existing quasiclassical theory and measured flux profiles in the presence
of an F layer was observed. A large enhancement to the flux lowering which
could not be interpreted within the traditional S/F proximity picture was
found. New theoretical developments have since suggested that coupled to
direct electronic proximity effects within these systems is an additional elec-
tromagnetic component. Chapter 4 presents the results of analysing LEµSR
data using a spatial flux profile consistent with new theory. In doing so, the
observed anomalous enhancement could be successfully reconciled with the
electromagnetic proximity effect. Subsequent experimental work in chap-
ters 4-6 sought to test the main predictions of the theory by manipulating
S/F interfaces within a variety of different structures. In all tested cases the
theory provided an excellent description of experiment suggesting the im-
portance of considering electromagnetic effects within S/F hybrid systems.
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1 INTRODUCTION Rhea Stewart

1 | Introduction

The interaction between conflicting types of microscopic order which are
forced to coexist can give rise to new states of matter. One manifestation of
this is within superconductor-ferromagnet heterostructures which, depend-
ing on the particulars of the materials involved and the precise geometries
employed, can play host to a variety of emergent physics including uncon-
ventional superconductivity and topological states of matter [1–4]. These
structures therefore open up a broad and very active field of research with
a variety of potential applications, all of which rely on understanding and
manipulating effects at buried interfaces. The generation of unconventional
superconducting states through proximity of conventional superconductiv-
ity to ferromagnetism is just one facet of this field and is the primary focus
of the work presented within this thesis.

Conventional superconducting correlations (S) form between electron
states of opposite spin and momentum whilst ferromagnetism (F) involves
the breaking of spin symmetry. Hybrid systems in which these orders are
mixed combine the low temperature zero resistance of the superconductor
[5, 6] with the spin polarisation of the ferromagnet. At carefully engineered
interfaces between S and F the direct transfer of electrons across the inter-
face results in a number of experimentally observed transport phenomena
such as oscillations in critical current and critical temperature (Tc) [7–16],
π phase shifts of the superconducting wavefunctions [17–20], Tc suppression
[21] and long range triplet supercurrents due to the presence of equal spin
triplet pairs [22–29]. The unconventional nature of the pairs present within
S/F systems, however, does not only manifest within transport measure-
ments. A paramagnetic Meissner screening, as opposed to the conventional
diamagnetic response [30], was also predicted [31] and observed [32] to occur
within these hybrid systems. Another consequence of these interactions is
the inverse proximity effect [33–35]. This involves the transfer of a small

2
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magnetisation from the ferromagnet to the superconductor, through the
formation of spin polarised pairs, over a lengthscale given by the supercon-
ducting coherence length. There is some experimental evidence of inverse
proximity [36, 37] though in a series of experiments which probe the S/F
interface in detail very different behaviour is observed [38, 39]. Over the
past two years, however, new theoretical developments have worked to rec-
oncile these observations through the description of a new type of proximity
of electromagnetic origin [40–42]. This describes the screening response of
the superconductor due to the vector potential at the S/F interface over a
much longer lengthscale given by the London penetration depth. The inter-
action of these different types of proximity effect, all largely occurring with
a region spatially localised around buried S/F interfaces, is of fundamental
importance to understanding the overall behaviour of devices with more
complex sample structures.

In this thesis the focus is primarily on measuring the screening response,
in a spatially localised way using low energy muon spin rotation measure-
ments, of simple layered systems comprised of normal metal (N), supercon-
ducting and ferromagnetic layers. The core of the sample systems discussed
within each chapter are built from N/S and S/F interfaces which when
combined generate a wealth of interesting consequences to the screening
response of the proximitised system. Prior to presenting the experimental
techniques and results, a brief discussion of the physics pertinent to these
investigations is given.

1.1 A general introduction to N/S/F hybrid systems

The purpose of this section is to simply provide a brief overview of back-
ground physics and literature which is relevant to all work presented within
the subsequent experimental chapters. Further details are provided within
each chapter where appropriate to both motivate and contextualise the
work.

1.1.1 Conventional mesoscopic superconductivity

The first building block of S/F hybrid systems is a conventional supercon-
ductor which, in all of the systems discussed within this thesis takes the
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form of a mesoscopic4 thin film of niobium. The superconducting pairing in
such a system at equilibrium, in the absence of any other interactions and
at zero temperature, remains well described by the BCS Hamiltonian [43–45]

H =
∑
k,σ

εknkσ +
∑
k,k′

Vkk′c
†
k↑c
†
−k↓c−k′↓ck′↑ , (1.1)

where nkσ = c†kσckσ is the number operator, εk is the single particle energy
and Vkk′ is the attractive interaction potential. There are two terms within
equation 1.1. The first represents the total kinetic energy whilst the second
describes the scattering of electron pairs, under the influence of an attractive
interaction potential Vkk′ , from state (k

′ ↑,−k′ ↓) to (k ↑,−k ↓). The
pairing described by equation 1.1 occurs between electrons of equal and
opposite spin and momenta found within a shell of states of kBTc around
the Fermi energy. This conventional BCS pairing is illustrated within figure
1.1 for electron (filled symbols) and hole (empty symbols) states.

ky

kx

Figure 1.1: A schematic illustration of BCS pairing in k-space. All of the
states involved in paring sit within a envelope δk around the Fermi wavevec-
tor kF where kF � δk. The dark and light shaded regions correspond to
filled and empty states respectively. The filled (empty) circles correspond
to electron (hole) states whilst the pairing interaction between equal and
opposite states is represented by the dotted lines.

4Systems in which the layer thickness is of the order of a coherence length (ξS) where
ξs is typically of the order of 10 nm for sputtered thin films of niobium.
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Importantly, the Fermi spheres to which each member of a Cooper pair
belong are degenerate. If this symmetry between states should be broken
the pairing strength is weakened. There are two types of symmetry break-
ing effect which can occur: orbital and paramagnetic [46]. The orbital
effect involves a shift in the positions of the Fermi spheres within k-space
where one member of a pair acquires a net momentum with respect to the
other, for example, within the presence of an external electromagnetic field.
Paramagnetic pair breaking effects, however, involve a change in relative
Fermi surface size and correspond to a splitting in energy of the two possi-
ble spin states. Within the presence of either effect, transitions between the
superconducting and normal states are possible depending on the relative
strength of the pairing interaction and the pair breaking.

Whilst the microscopic picture of pairing remains unchanged the rele-
vant lengthscales within mesoscopic thin films can be very different from
those of conventional bulk systems. The superconducting transition tem-
perature, Tc, and superconducting coherence length, ξs, are often reduced
when compared with a bulk crystalline system. In the case of niobium, for
example, the bulk values of Tc ≈ 9.2 K and ξs ≈ 30 nm [47, 48] are typ-
ically reduced to 8.7 K and 12 nm respectively in the sputtered thin film
systems measured here.5 Importantly, the London penetration depth (λL),
the lengthscale over which an applied field is screened, is also greatly altered
in dirty6 thin film systems. Since niobium is a type two superconductor it is
expected that ξs ≤ λL [47]. For clean niobium λL ≈ 30 nm [49–51] whereas
in dirty superconducting systems the penetration length increases with de-
creasing mean free path and values of up to 270 nm have been determined
[52, 53]. As a consequence of such a long penetration depth, a dirty thin
film where the thickness ds < λL can no longer expel all of the flux from its
interior in the presence of an external field.

1.1.2 Normal metal-superconductor proximity

Whilst Cooper pairs are eigenstates of superconducting materials, and are
therefore only produced within superconductors, they can propagate across
interfaces with normal metals via the superconducting proximity effect.

5The effect on Tc is due to a decrease in the purity of the niobium in its sputtered
thin film form when compared with the bulk.

6In this case dirty means that the mean free path, l, is less than ξs. Typically
l = (1− 3) nm and ξs = (10− 14) nm for the systems measured here.
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This process allows the transfer of superconducting properties to a normal
metal and was first observed as a zero resistance in superconductor-normal
metal-superconductor junctions which have since become an important and
widely studied sample architecture.

The theory of proximity between a conventional superconductor and a
normal conductive metal was primarily developed during the 1960s by de
Gennes and Guyon and Werthamer [54, 55]. The general principle involves
the penetration of Cooper pair correlations into a normal metal which is in
electronic contact with a superconductor over some lengthscale defined by
both the system temperature and the properties of the metal. For diffusive
systems, akin to those measured here, the presence of impurities decreases
the efficiency of the transport when compared with clean systems. Within
such a diffusive system, in three dimensions, the lengthscale over which the
pairs can propagate within the normal metal is given by ξN , the coherence
length within the normal metal, as shown in equation 1.2

ξN =

√
h̄D

2πkBT
, with D =

1

3
vF l, (1.2)

where D is the diffusion constant and l the mean free path of the nor-
mal metal. The strength of the resultant proximity effect is related to
both the superconducting gap and the transmission potential of the normal-
superconducting interface. The leaking out of pairs into N is accompanied
by a corresponding weakening of the superconducting gap within S on ap-
proach to the interface. The spatial profile of the gap is represented by the
schematic diagram shown in figure 1.2 where the gap function is plotted
in purple. The pair amplitude propagates into the normal metal over a
distance defined by ξN where the corresponding reduction in pairs within
the superconductor occurs over ξS as indicated. For a typical dirty nor-
mal metal (10 ≤ ξN ≤ 100) nm which is comparable to ξS for the thin film
niobium systems measured here. The precise values of the coherence length-
scales are material dependent and can vary markedly between growth runs,
as is discussed within chapter 3, having a profound effect on the measured
behaviour.

The mechanism through which the pairs traverse the interface is known
as Andreev reflection [56, 57]. Within a superconductor-normal metal junc-
tion at T < Tc transport of single electrons with E ≈ EF is blocked by the
superconducting energy gap, however, via Andreev reflection processes it
is possible for Cooper pairs to be transferred across the interface as illus-
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x

�(x)

N S

ξN

Figure 1.2: The spatial profile of the superconducting gap across an N/S
interface. The gap propagates into the normal metal (N) over a lengthscale
given by ξN and there is a corresponding weakening in the gap on the
superconducting side (S) over a lengthscale ξS.

trated in figure 1.3. Within the normal metal, an excited electron of energy
E < ∆ propagates towards the interface. Ordinarily this electron would
be reflected at the interface but instead it pairs with a valence electron,
of opposite spin and approximately opposite momentum, sitting at energy
−E. This electron pair can then pass into the superconductor as a Cooper
pair in the ground state of the condensate. On the normal metal side a
single hole is left within the valence band at energy −E, forming a corre-
lated electron hole pair, which then back propagates into the metal. The
opposite process may also occur. In this case, a valence band hole reaches
the interface, plucks a Cooper pair out of the condensate which is then split
into its constituent electrons. These then occupy the original valence band
hole state and an excited state within the conduction band of the normal
metal. In either case the net result of Andreev reflection is the transfer of
two electron charges across the interface.

The correlated electron hole pair which results within the normal metal
transmits superconducting properties over a distance ξN along the prop-
agation direction. This pair is not bound via the attractive interaction
of a standard Cooper pair and is consequently less robust. As mentioned
above, the process of Andreev reflection is allowed for states where the mo-
menta are approximately equal but opposite. The possible momentum shift,
2δk � kF , between the two electron states has important consequences for
the pairing. Even in the absence of pair breaking effects the momentum
shift results in a dephasing of the pairs with propagation distance. This
occurs over a lengthscale of ξN for diffusive systems.
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N S
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Figure 1.3: The process of Andreev reflection at the N/S interface. An
electron sitting at energy E propagates towards the N/S interface where is
acquires a partner electron of energy −E with opposite spin and approxi-
mately opposite momentum. These propagate together into S as a Cooper
pair. The opposite process may also occur.

The presence of the normal metal layer, and subsequent weakening of the
superconductivity present within the total system, has a measurable effect
on the transport properties of the thin film system. Perhaps the most easily
accessible measure is the effect on the superconducting transition tempera-
ture. A very well documented reduction in Tc is observed, for a broad range
of thin film superconducting systems, within the presence of an adjacent
normal metal layer. The magnitude of this effect, for a fixed thickness of
superconductor, depends largely on both the thickness of the normal metal
and the properties of the N/S interface. For the systems measured within
this thesis a suppression of ≈ 0.6 K is routinely observed for an NS bilayer
when compared with a comparable bare thin film of niobium.7 More cru-
cially, for the measurements presented within this thesis the presence of the
normal metal layer can have a marked effect on the screening response of
the system to an applied field. Within these mesoscopic bilayer systems,
depending on the relative material parameters and interface conditions, it is
possible for the normal metal layer to exhibit a Meissner response [58, 59].
This effect is largely determined by how the mean free path of the normal
metal compares with the London penetration depth of the superconductor
and is explored in detail within the measurements discussed in chapter 3.
Surprisingly, given the right combination of material parameters it is pos-

7This typically corresponds to a percentage reduction of ≈ 7% in the value of Tc.
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sible, as demonstrated through theory and experiments (see for example
[58, 60]), for the normal metal bilayer to be as effective at screening an
external field as an equivalent thickness of niobium.

As a final note and link to the following section, the band structure prop-
erties of the normal conducting metal are crucially important to proximity
with the superconductor. Within any material where the spin symmetry
is broken, for example, the possible shift in momentum, 2δk, between the
paired electrons will be larger than in the normal metal and the effect of
dephasing much stronger. Consequently, the lengthscale over which conven-
tional pairs propagate will be shorter and alternative pairing mechanisms
may be present. These ideas become important when one considers mag-
netic materials and heavy metals, where strong spin-orbit interaction may
start to play a role, in close proximity to superconductivity [61, 62].

1.1.3 Superconductor-ferromagnet proximity

As discussed within section 1.1.2, the electrons which propagate across the
interface within an N/S proximity system are of opposite spin and approx-
imately equal but opposite momentum such that they form a Cooper pair.
If the normal conducting metal is instead replaced by a ferromagnet this
process can no longer happen in the same way since the spin symmetry is
broken by the exchange field of the ferromagnet.8 The first consequence is
that the process of Andreev reflection is now of lower amplitude since there
is a limited population within the minority spin band of the ferromagnet
due to the exchange energy barrier [3, 46].9 The second is that the pairing
mechanism must now negotiate the spin split bands of the ferromagnet.

The process through which Andreev reflection can occur between a su-
perconductor and ferromagnet is similar to the case for the N/S interface
except the bands into which the electrons propagate are now spin split by
an amount dependent on the exchange energy (Eex � EF ). This results in a
potential energy difference between the spin up and spin down states where
an electron within the minority band is now of higher potential energy. The
net consequence of this is that pairing must now occur between bands of
slightly different momentum as illustrated within figure 1.4.

8This problem was first investigated experimentally by Tedrow and Meservey within
magnetic tunnel junctions [63–65].

9This is in the absence of spin flip processes at the interface which in principle could
allow Andreev reflection to occur from within a single spin band.
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k

E

EF

kF kF

Figure 1.4: The effect of exchange splitting on the pairing. The minority
(spin down) band is shifted up in energy when compared with the majority
(spin up) band. The net result is a smaller kF for the minority spin band
when compared with the majority spin band. The consequence of this is
that pairing must now take place between opposite spin states which are
shifted with respect to one another in momentum space. This introduces a
non-zero centre-of-mass momentum to the pairs.

An incoming electron of spin ↑ and momentum kF,↑+δk must now pair with
an electron of spin ↓ and an approximately opposite momentum which is
shifted by an amount dependent on the exchange splitting. The increased
potential of the minority spin band means that an electron which sits within
a state of fixed energy, E, will have a lower kinetic energy than its coun-
terpart within the majority spin band. Pairing between these two states
results in the Cooper pair being left with a non-zero centre-of-mass momen-
tum of E±Eex

vF
where vF is the Fermi velocity. When electron pairing now

occurs rather than the usual singlet state, (↑↓ − ↓↑)e
i2E
h̄vF , a pair of the form

(↑↓ e
i2Eex
h̄vF − ↓↑ e

−i2Eex
h̄vF )e

i2E
h̄vF results. This is directly akin to LOFF [66, 67]

pairing but where rather than a bulk effect it is induced as a proximity
amplitude. The new pairing present within the system can be decomposed
into separate singlet, (↑↓ − ↓↑), and triplet, (↑↓ + ↓↑), components where
even the equal spin triplets, (↑↑) and (↓↓), can be generated if the ferro-
magnetic exchange field itself is inhomogeneous [68, 69]. The equal spin
triplet pairs are generated from the m = 0 triplet as it experiences multiple
orientations of the exchange field and, given their spin orientation being
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akin to the ordering of a ferromagnet, they form the basis for long range
triplet supercurrents which are now routinely realised within S/F proximity
systems [3].

The proximity induced superconductivity close to the S/F interface is
a mixture of both singlet and triplet character. As the pairs propagate
into the ferromagnetic layer there is a spatial modulation of the two com-
ponents of the pair amplitude bounded by an exponential decay envelope.
The oscillations in pair amplitude, and the singlet and triplet mixing, occur
over a lengthscale defined by the ferromagnetic coherence length as given in
equation 1.3 where at low temperatures within a ferromagnet the dominant
energy scale is the exchange energy, Eex

ξF =

√
h̄DF

Eex
, (1.3)

where DF is the diffusion constant within the ferromagnet. This process of
singlet-triplet mixing, and the associated lengthscales, are illustrated within
figure 1.5. Importantly, the coherence length in the ferromagnet depends on
the exchange energy. For strong ferromagnets, therefore, the lengthscales
become much shorter and the damping of the amplitude more severe.

The majority of the measurements within this thesis use cobalt as the fer-
romagnetic layer. Due to the fact that cobalt is a strong ferromagnet the
expected coherence length is of the order of only 1 nm.

The presence of the ferromagnet, and the associated generation of un-
conventional superconducting states, has a number of consequences for the
behaviour of the superconducting system. These manifest in various ways
within different types of measurement. Of course, owing to the damaging
effect of the exchange field, there is a weakening of the superconducting gap
which leads to a suppression in Tc when compared with the corresponding
niobium thin film.10 This suppression is dependent on the thickness of a
given ferromagnetic layer in a non-monotonic way as has been measured for

10Typically for the Cu/Nb/Co systems measured within the experimental chapters of
this thesis, the Co layer causes a drop in Tc of ≈ 0.7 K or about 8 % when compared
with a control bilayer.
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Figure 1.5: The spatial profile of the gap across an S/F interface. The
singlet and triplet components are indicated using the solid and dashed
lines respectively.

a wealth of different material systems (see for example [7–12]). The sec-
ond important consequence to experiment, at least for the measurements
conducted within the later experimental chapters of this thesis, is the pos-
sibility to generate a paramagnetic screening response to an applied field.
Within a diffusive system, spin triplet states which are generated via the
proximity effect remain in an s-wave orbital state so in order to preserve
Fermi-Dirac statistics their frequency component must be odd [70, 71]. This
anti-symmetry in time prompts the pairs to respond in an opposite sense
to an applied magnetic field and results in a paramagnetic screening where
flux is added rather than expelled from the interior of the superconductor
[61]. This intriguing consequence of an odd frequency component to the
superconducting state has now been experimentally observed [32]. It is also
important to note that, coupled to the generation of unconventional super-
conducting states via direct proximity within S/F hybrids, there are other
possible effects of proximity. These are inverse proximity [33–35], which in-
volves the transfer of a small magnetisation to the superconductor via equal
spin triplet pairs, and the newly described electromagnetic proximity effect
[40–42] which is discussed in detail within chapter 4. Both of these possi-
ble contributions to S/F proximity are visible within the spatial flux profile
across the proximitised system but are spatially localised around buried
interfaces. In order to directly probe these effects, low energy muon spin
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rotation measurements, a technique which measures the local flux profile
with high spatial precision, can be employed as discussed in section 2.1.

1.2 Aims and scope of the thesis

Given the possibility to generate unconventional states of matter not eas-
ily observable within bulk systems, it is clear why these interfaces between
superconducting, normal metal and ferromagnetic materials are of funda-
mental interest. In addition, through combination of different material lay-
ers it is possible to manipulate the resultant proximity effects with useful
applications in mind. The equal spin triplet states, in particular, are of
interest since the pairs themselves carry a net spin which can be utilised in
information transport [72]. A variety of device architectures are currently
being explored including, π Josephson junctions [17–20], long range proxim-
ity effects in nanowire systems [73], and spin valve structures in which the
level of magnetic inhomogeneity can be tuned and the effects on the super-
conducting state observed [74–81]. All of these device based studies require
an acute understanding of the physics occurring at the interfaces and the
effect of each material component within the system. In many cases this is
challenging to uncover and to directly measure. The work presented within
this thesis aims to examine the fundamental proximity effects occurring
at normal metal - superconductor and ferromagnet - superconductor inter-
faces to address a number of previously anomalous results within the field
of S/F hybrid systems [39, 60, 82]. The work performed, both as part of
this study [60, 83, 84] and others [40–42, 85], have resulted in a step-change
in understanding of these systems and highlighted the importance of newly
described electromagnetic effects both in the interpretation of experimental
data and in future device design.

The first experimental study, presented within chapter 3, follows on
from the work published in reference [39] where an anomalous magnetic
flux lowering was observed within the normal metal layer of an NSFnF
sample structure with n being a thin metallic spacer layer. The degree of
the measured flux lowering was reported to be dependent on the level of
non-collinearity between the two ferromagnetic layers and could not be ex-
plained within the existing theory framework at the time of publication. In
a bid to understand and uncover the origins of this effect a simple study of
S, NS and NSF sample structures was carried out to disentangle the various

13
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contributions to the observed flux profile. The results of this study [60] form
the basis for chapter 3, the main findings of which prompted the parallel
development of a new theory of electromagnetic proximity [40–42]. Subse-
quent experimental work [83, 84], presented within chapters 4, 5 and 6 of
this thesis, seeks to test this new theory within a variety of NSF thin film
structures composed of a range of different materials. The overall findings
support the proposed theory of the electromagnetic proximity effect though
its precise origin within these S/F thin film systems remains an important
open question.

In order to probe the desired physics within a thin film environment such
that the experimental aims can be met, a local and appropriately sensitive
probe of the magnetic flux across a thin film is required. The work pre-
sented in this thesis uses low energy muon spin rotation (LEµSR) to map
out changes to the flux profile induced by the presence of different material
layers. Through systematic experiments, a full spatial analysis of the ac-
quired data is possible via application of a procedure which will be discussed
within chapter 2. The technique of LEµSR, as is hopefully demonstrated
through the work presented here, is a key tool for understanding these su-
perconducting proximity systems and has been used extensively to this end
(see for example [32, 38, 39, 60, 83, 84]).
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2 | Experimental Techniques

This section seeks to give an overview of the experimental techniques and
data analysis methods applied within this thesis. Details of the measure-
ment systems used will be given where appropriate but it is neither intended
to be an exhaustive reference nor a technical manual. The aim is to provide
only the necessary experimental context with which to interpret the results
and an attempt to be as succinct as possible in achieving this aim will be
made.

2.1 Low energy muon spin rotation

This first subsection concerns itself with low energy muon spin rotation
(LEµSR); a technique with which one can probe, amongst other things,
the magnetic flux profile across a sample, and which has therefore, proven
central to the experimental studies presented here. This section will by no
means capture the full range of possible applications of LEµSR but rather
serves as a basis from which the subsequent experimental chapters will be
built.

2.1.1 Surface muon production

The positive muon, µ+, is an unstable spin-1
2
lepton of charge +e with a

lifetime τµ = 2.197 µs. Although a second species of muon with charge −e
also exists, in what follows we will only consider the positive variant and
so choose to drop the label, referring to µ+ particles simply as muons as in
[86].

The surface muon is produced as a result of the parity violating decay
of the positive pion, π+, which is mediated by the weak interaction

π+ → µ+ + νµ . (2.1)
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The parity violating nature of the decay shown in equation 2.1 is crucial
to the muon’s usefulness as a local magnetic probe since it ensures the
production of a nearly 100% spin polarised beam. In the decay process at
rest, µ+ and the muon neutrino, νµ, must be emitted in opposite directions
and with antiparallel spins to conserve momentum and intrinsic angular
momentum respectively. As a consequence of parity violation in the weak
interaction the spin of the νµ will be antiparallel to its momentum; this fixes
the spin of the corresponding muon. Since muons produced in pion decay
at rest are emitted isotropically, for any given direction in space a beam of
muons will therefore be produced where the spin vector is antiparallel to
the momentum. This process is illustrated in figure 2.1. Additionally, in
the pion rest frame, upon production the muons all possess a kinetic energy
of Eµ = 4.1 MeV . The result is a monochromatic spin polarised beam [87].

π
μ

P = 0

S = 0
νμ

P  

Pμ Sμ 

Sμ 

Figure 2.1: A schematic diagram of a pion decaying into a muon and muon
neutrino. Since the pion decays at rest and has zero total spin, and the
neutrino spin and momentum is fixed by parity violation, the resultant
muon is produced with its momentum vector opposite to its spin.

Following production these muons can be put to use as highly sensi-
tive and versatile local magnetic probes within condensed matter systems
[86–89]. This is possible owing to their kinetic energy corresponding to
penetration depths of only fractions of millimeters in solid materials and to
their well defined spin direction. Muon spin rotation/relaxation/resonance
(µSR) techniques all involve the implantation of muons into a host mate-
rial and the subsequent monitoring of the time evolution of the muon spin
within that environment.

2.1.2 The muon as a local magnetic probe

Upon implantation into a material a muon will rapidly thermalise, whilst
preserving its initial spin direction, before Larmor precessing around the
local magnetic field, Bloc, at a frequency given by ωµ = γµBloc, where
γµ=2π×135.5 MHzT−1 is the muon gyromagnetic ratio. Since the muon is
itself unstable it will decay, with a lifetime of τµ = 2.197 µs, into a positron.
The angle, φ at which the positron is emitted with respect to the momen-
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tary muon spin direction is governed by the probability distribution given
by equation 2.2 where a is an energy dependent asymmetry factor taking
an average value of 1

3
:

W (φ) = 1 + a cos (φ) . (2.2)

W (φ) has its maximum where positron emission takes place along the muon
spin direction at the moment of decay [87]. A schematic diagram of the de-
cay process, and subsequent positron detection, is shown in figure 2.2. A
muon enters the experiment at t0 and with an initial spin angle θ0. The
muon spin will then begin to process about the local field to a new angle θ
where θ(t) = ωµt + θ0. At any given time, t, the chance the muon will de-
cay into a positron is given by 1

τµ
e−t/τµ . Through detection of the resultant

positron and knowledge of the time span of the event, the evolution of the
muon spin direction can be tracked and information about the local field
experienced established. This requires knowledge of a statistically signifi-
cant number of single muon events each with an identical starting condition.
Hence the importance of a spin-polarised monochromatic muon beam [90].

LEFT POSITRON DETECTOR

RIGHT POSITRON DETECTOR

+

t0, θ0 t, θ

ωμ

Figure 2.2: A schematic diagram of the basic principle of µSR. A muon
enters the apparatus at t0 with an initial spin angle θ0 (grey arrow). At
some later time, t, the muon spin has rotated about the local field to an
angle θ (purple arrow) and decays emitting a positron preferentially along
θ.

In order to monitor the spin rotation of the muon ensemble two positron de-
tectors are positioned either side, in this case in the left and right directions,
of the sample space. The number of positron events detected on either side
can then be counted as a function of time. The resultant time spectra NL(t)

and NR(t), given by equation 2.3, encode the information about the time
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evolution of the muon spin polarisation along the detection axis [86].

NL(t) = N0,L exp

(
− t

τµ

)
[1 + A0P (t)]

NR(t) = N0,R exp

(
− t

τµ

)
[1− A0P (t)]

(2.3)

N0 is the total number of muon events and A(t) = A0P (t) is the asymmetry
spectrum which is defined as the normalised difference between the two
detector signals as in equation 2.4 where α is an efficiency parameter with
a value close to unity.11

A(t) = A0P (t) =
αNL(t)−NR(t)

αNL(t) +NR(t)
(2.4)

The maximum observable asymmetry between the two detectors is parame-
terised by A0 the upper limit of which is set at 1

3
by the intrinsic asymmetry

of the muon decay. In practice A0 is often lower and depends on the precise
details of the experimental configuration and the energy distribution of the
emitted positrons [90]. Typically, for the measurements presented in this
thesis, A0 is of the order of 0.20.

The main panel of figure 2.3 shows an example raw µSR time spectrum
where the signals from the left and right detectors have been plotted sepa-
rately in blue and red respectively. The signal shows periodic maxima and
minima as the muon spin is directed towards or away from the relevant
detector. This oscillatory component is then modulated by an exponen-
tial decay associated with the muon lifetime. The inset of figure 2.3 shows
the corresponding asymmetry spectrum, A(t), plotted in green. Here the
oscillation frequency scales with the local field that the muon ensemble ex-
perienced. At t0 the maximum asymmetry is measured, in the example
shown this is about 20 %, but for t > t0 there is some loss of the asymmetry
amplitude. This damping is caused by depolarisation due to the presence
of a distribution of internal fields and is represented in the inset by the

11In practice this depends on the precise experimental configuration and is related to
the beam alignment with respect to the two detectors. Please see section 2.1.4 for further
details.
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NL
NR

 ~ 2.2 s

Figure 2.3: Main panel: an example µSR time spectrum with the counts
from each detector plotted separately where NL and NR are shown in blue
and red respectively. The exponential decay in the signal is due to the
muon lifetime τµ. Inset: the corresponding asymmetry spectrum is plotted
in green. The oscillation period in the signal scales with the average field
that the muon ensemble experienced and the damping, represented by the
magenta envelope, scales with the muon depolarisation.

magenta envelope. A(t) contains all of the information pertaining to the
local magnetic environment experienced by the implanted muons. In or-
der to extract this information, one is required to fit the spectrum with an
appropriate functional form which will depend on the precise experimental
configuration [86].

2.1.3 The transverse field geometry

There are many different ways in which to configure a µSR experiment.
In general, the experimentalist has control over the detector arrangement,
applied field magnitude and orientation and the initial spin polarisation
of the muon. Each configuration often lends itself to probing a specific
subset of the physics of a system. For all of the studies presented here the
measurements were carried out in the transverse field (TF) geometry since
the aim was to probe the Meissner state of thin superconducting samples.
In what follows we will therefore focus on the specifics of this TF geometry
and the reader is directed to [86–88] for detailed information on alternative
measurement geometries.

A schematic of the TF geometry adopted for the measurements pre-
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Figure 2.4: A schematic diagram of the transverse field configuration. The
incoming muons have their spin polarisation in the plane perpendicular to
a weak applied field B0. This results in the muon spin precessing about the
applied magnetic field.

sented here is shown in figure 2.4. In this geometry the incoming muons
have their spin polarisation in the plane transverse to a uniform applied
field. For the measurements contained within later chapters the applied
field, B0, was typically set to 300 Oe. The precession of the muon spin then
occurs about B0 such that the relevant pair of detectors are those situated
to the left and right of the sample space. It is also important to note that
owing to their high kinetic energies (around 30 MeV ), the emitted decay
positrons easily pass out of the sample and through a complex environment
such that they are intercepted by the positron detectors. Within any µSR
experiment there will always be some fraction of muons which do not stop
in the sample but instead in the sample holder. In a TF experiment any re-
sulting background contribution can be negated by using a nickel mounting
plate. This is because the strong ferromagnetism rapidly depolarises any
muons which land in the plate before the data collection window begins and
therefore they do not contribute to the detected asymmetry signal.

2.1.4 Low energy muons

As discussed in section 2.1.1 the muons produced from pion decay result in
a monochromatic beam of Eµ = 4.1 MeV . This typically corresponds to
a material penetration depth of a few tens of millimeters which is ideal for
the study of many condensed matter systems. In some cases, however, it is
advantageous to be able to moderate Eµ to lower values whilst still bene-
fiting from the properties of muons as local magnetic probes. This allows
both the study of thin samples and, where a fine control of the incoming
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muon kinetic energy can be achieved, makes depth dependent measurements
possible [90, 91]. Such low energy muon spin rotation (LEµSR)
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Figure 2.5: Moderation of surface muons to lower energies. The incoming
muons of Eµ = 4.1 MeV are incident on the moderator and through a
combination of Coulomb collisions with the foil and subsequent excitation
processes within the noble gas film are brought to an average final Eµ of
around 15 eV with their spin polarisation preserved.

measurements are currently only possible on the low energy muon beam-
line at the Paul Scherrer Institut [92]. The principles of the measurement
remain the same but with the muon energy becoming an additional degree
of freedom which must be accounted for in the data analysis. As stated in
the introduction to section 2.1 it is this low energy flavour of µSR which
has been central to the work presented here.

The generation of low energy muons begins with the moderation of a
surface muon beam. This is achieved through interaction with matter [93].
In particular, incoming muons are incident on a thin moderator film com-
posed of solid noble gases. A layer each of Ar(10 nm) and N2(1.2 nm) is
grown atop a 100 µm metallic foil and held at 10 K as shown in figure
2.5. Incoming surface muons are incident first on the metallic foil where,
through a series of Coulomb collisions and ionisation events, they rapidly
lose energy down to the keV level and additional energy loss mechanisms
begin to kick in. These include the formation and subsequent break up of
muonium (µ+- e− pairs) within collisions. Dissipation continues efficiently
until the muon energy becomes comparable with the threshold energy for
these processes. In a noble gas film this occurs when Eµ ≤ 20 eV at which
point the muon is then able to escape the moderator. The distribution of
resultant energies for an argon moderator, for example, is strongly peaked
at around 15 eV with a small tail extending up to high energies. This whole
process occurs on the ps timescale via mechanisms which have a negligible
effect on the muon spin polarisation.
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Figure 2.6: A schematic of the low energy muon beamline at PSI. Surface
muons enter the beamline at the top right hand corner before being mod-
erated to low energies and transported to the sample space. LX represent
the electrostatic Einzel lenses which focus and steer the beam and RA the
conical electrostatic lens that focuses the beam down to the sample. The
inset shows a close up of the sample, indicated in the main panel by S,
where HV represents the high accelerating voltage with which Eµ is set.

Once the muons have been moderated they must be tuned to the de-
sired energy and transported to the sample space. Thankfully the muon is
a charged particle so this is possible through the application of accelerating
and beam steering electric fields. Figure 2.6 details how this is achieved on
the LEM beamline at PSI where the measurements were performed [90, 91].
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Upon entering the beamline a fraction of the surface muons become
trapped within the moderator shield where they are converted to lower en-
ergies as previously described. The slow muons are then accelerated to a
transport voltage, usually set to around 15 kV , before passing out of the
moderator chamber. Since the muons are charged the beam transport is
controlled by electrostatic Einzel lenses, indicated in figure 2.6 by “LX”,
which act to direct and focus the beam. The muons are then incident on
an energy dependent reflecting mirror which directs only the slow muons
down towards the trigger chamber leaving the fast muons to be discarded
in the fast µ+ dump. Within the trigger chamber the muons encounter
a thin carbon foil causing the emission of electrons which can then be di-
rected to a microchannel plate detector. It is this detection which starts
the single muon event. A single measurement event then continues until
a positron is detected at one of the active positron detector arrays within
the sample chamber. The average rate at which muons pass through the
trigger chamber is around 850 s−1. This gives an interval of approximately
1 ms between muon events. Given that this is much longer than τµ it is
highly unlikely that two events will occur simultaneously within the appa-
ratus however should this happen, or a time interval greater than 12.5 µs

pass without positron detection, the events are discarded.

From the trigger chamber the muons progress through into the sample
space where they are steered onto the sample by a conical electrostatic
lens arrangement. These voltage tuned ring anodes (RA) are responsible
for compensating the magnetic field in the sample space, which due to the
Lorentz force would act to deflect the muon beam, and so the high voltages
around the beam need to be adjusted depending on the precise measurement
conditions. In the transverse field arrangement described in section 2.1.3,
for example, this involves tuning the left and right RA voltages to optimise
the position of the beam spot with respect to the left and right positron
detectors. Ideally the beam should be aligned such that it is exactly in the
middle between the two detectors. In practice, however, there will always
be a small misalignment which must be accounted for by weighting one of
the detector signals, using a fixed parameter conventionally labelled α, with
respect to the other. The inset of figure 2.6 shows a close up of a sample
in situ mounted on a nickel plate as described in section 2.1.3. Importantly,
the sample plate is electrically isolated from the environment such that, via
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a high voltage lead (HV), the sample voltage can be tuned through a range
of ± 12 kV to either accelerate or deccelerate the incoming muons. This
allows the experimenter to select an appropriate muon energy, within the
range (4 − 26) keV such that the implantation depth of the muon within
the sample can be manipulated as desired [91]. This allows the study of, for
example, magnetic flux profiles across thin films or regions around buried
interfaces both of which are unique features of LEµSR.

In addition to altering the muon energy it is also possible to measure
both as a function of applied magnetic field and temperature. On the
LEM beamline, for example, the applied field can be tuned over the range
(0−300) Oe in the TF geometry for continuous measurement. With respect
to temperature control, whilst the sample is electrically isolated from the
environment it is kept in excellent thermal contact to a cold finger arrange-
ment. This allows a base temperature of around 2.3 K to be reached and
opens up the possibility to study low temperature states of matter.

2.1.5 Stopping profiles and muon implantation: building up a
spatial profile

Implantation of a muon is dependent on the muon energy and the properties
of the material into which it is being implanted. In cases where the sample
is homogeneous the precise stopping location of the muon is not important.
For the study of layered thin films composed of multiple and very different
elements, however, it is necessary to know where in the sample on average
a muon of fixed energy is probing. This can be calculated by a well proven
Monte Carlo algorithm [93, 94], available at the beamline, which determines
a step-by-step trajectory for the muon as it slows down within a given sam-
ple. By calculating this trajectory, and thus the final stopping position, for
a large number of implanted muons of fixed energy a distribution of where
the muons are likely to stop can be built up. Figure 2.7 shows an example of
these so-called muon stopping profiles for a simple Cu(40)/Nb(50)/Co(2.4)
trilayer, grown on a silicon substrate, where the brackets indicate the layer
thickness in nanometers. These were calculated using an ensemble of 100000
muons and are plotted for a selection of possible measurement energies. The
probing depth, plotted on the x-axis, is measured relative to the top surface
of the sample and the y-axis represents the fraction of muons which stop
at a given depth. For a muon energy of 4 keV all muons stop within the
Cu(40) layer. As the muon energy increases the stopping
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Figure 2.7: Muon stopping profiles for a set of select muon energies plotted
for a Cu(40)/Nb(50)/Co(2.4)/Si sample. The bar at the top indicates the
sample structure relative to the x-axis.

distribution shifts to higher depths whilst a tail always remains within the
copper. In general an increase in muon energy results in a broader stopping
profile and hence lower resolution spatial information.

Ideally, the local magnetic environment is uniform within the plane of
the sample such that by tuning the muon energy a slice of information,
averaged over the stopping profile, can be gleaned. A typical measurement
then involves scanning the muon energy, where for each energy a spectrum of
around 3 million events is collected, such that the average field as a function
of the energy can be determined. Through knowledge of the stopping profile
this can then be converted to an average field as a function of the average
probing depth. This gives an indication of the spatial profile of flux across
the sample.

2.1.6 The conventional approach to data modelling for a trans-
verse field LEµSR experiment

This section details how to model the raw data for a typical transverse field
LEµSR experiment on a superconducting thin film sample and serves as a
basis for the analysis presented in each of chapters 3-6.

Section 2.1.2 described how, through monitoring the direction and tim-
ing of decay positrons, it is possible to follow the spin of a muon ensemble
as a function of time. In order to extract the desired physical quantities
from the resultant spectrum an appropriate model function needs to first
be selected and fit to the data. In the case where the applied field is much
larger than the internal fields it is possible to model the raw detector data,
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NL/R(t, E), using the form shown in equation 2.5 where KL/R are time in-
dependent background contributions

NL(t, E) = N0,L exp

(
− t

τµ

)
[1− A(t, E)] +KL ,

NR(t, E) = N0,R exp

(
− t

τµ

)
[1 + A(t, E)] +KR .

(2.5)

An energy dependence has now been acquired when compared with equa-
tion 2.3 since the average stopping depth, and hence potentially the local
magnetic environment, can be tuned with the incoming muon energy. The
quantity of interest is the asymmetry A(t, E), now also energy dependent,
which holds all the information about the field distribution. The form of
A(t, E) for the measurements presented in chapters 3-6 is given by equation
2.6:

A(t, E) =

∫ xmax

0

dx A0p(E, x)G(t, E) cos [γµB(x)t+ φ(E)] . (2.6)

To account for the stopping distribution of the muons, A(t, E) must now
be weighted by the relevant stopping profile, p(E, x), and integrated over
its spatial extent (0 ≤ x ≤ xmax) where x is measured normal to the sam-
ple surface. The cosine describes the Larmor precession of the muon spin
ensemble about the average local field (B(x) = B0 + Binternal), A0 repre-
sents the amplitude of the signal at time t0 and G(t, E), the depolarisation
function, encodes the information about the distribution of fields that the
muons encounter within the sample. For a perfectly uniform field distri-
bution G(t, E) = 1 but in general there will always be some source of field
inhomogeneity such that G(t, E) < 1. This can take many forms but is com-
monly related to nuclear dipole moments or stray fields across the sample
[86]. Importantly for superconducting films any flux gradients associated
with Meissner expulsion will also play a role in depolarising muons result-
ing in an enhanced damping of the signal below Tc when compared with
the normal state. The sources of depolarisation within the superconducting
thin films studied here are well described by the general form of damping
given by equation 2.7:

G(t, E) = G0 exp (−(λ(E)t)β), with 1 ≤ β ≤ 2 . (2.7)
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The β parameter allows for the exponential describing the damping to be
"stretched" between a Lorentzian (β = 1) and a Gaussian (β = 2) form for
the envelope. The depolarisation rate, λ(E), can be a strong function of
energy. This is generally true for layered samples where the material pa-
rameters vary as a function of the probing depth. In the case of structures
with buried ferromagnetic layers, for example, λ can rise very sharply as
the average probing depth approaches the magnetic layers. This being due
to increased sampling of the stray fields [39].

Once the appropriate model functions have been selected they must be
fit to the raw detector data where a standard Levenburg-Marquardt algo-
rithm is applied to optimise the fit[95].12 This is conventionally achieved
by assuming all variables are constant over the spatial extent of a stopping
profile. As is apparent in figure 2.7, this is more accurate at low prob-
ing energies where the stopping distributions are strongly peaked, therefore
sampling over a narrower region, and confined to a single material layer.
Based on this assumption, the detector histograms for all muon energies
can then be fit separately with equation 2.5 using the appropriate forms for
A(t, E) and G(t, E) shown in equations 2.6 and 2.7 respectively. This allows
the average field as a function of the muon energy, 〈B〉(E), to be extracted.
A conversion between energy space and a spatial profile can then simply be
achieved by calculating the average probing depth, 〈x〉 corresponding to a
given muon energy. This finally allows a plot of 〈B〉(〈x〉) to be produced.
Whilst clearly an approximation, this approach does give an indication of
the underlying flux profile and is an excellent starting point to a full analysis
of the data.

Given the large parameter space of the model used it is important to
take a structured and well constrained approach to the data analysis which
is appropriate to the physical system being studied. Many of the parame-
ters can be linked, constrained or fixed across all measurement energies for
a given system. For example, during the set up of an experiment a value for
α, the signal weighting parameter associated with the lateral beam offset,
can be determined at the beam optimisation step.13 This parameter can

12Please see Appendix A for further details of the Levenberg-Marquardt algorithm.
13α is determined by applying a weak transverse field and fitting the resultant spec-

trum. It should be as close to 1 as possible whilst maintaining a maximum signal ampli-
tude (A0). For our measurements optimal alignments typically gave 0.99 ≤ α ≤ 1.01.
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then be fixed for all subsequent measurements at the same field providing
the sample position does not change. Although in principle the starting
phase of each muon, φ0, should remain constant in practice there can be
a small variation between sets where the starting time, t0, is different. t0
is determined by the beam transport settings so where these are fixed φ0

should remain fixed to good approximation.14 The parameters N0,L/R and
KL/R depend on the particular run, since they are related to the signal am-
plitude, and need to remain as free fit parameters across measurement sets.
This is also true of the field, B, depolarisation rate, λ, and β parameter
which may, depending on the sample, change as a function of depth and
temperature.15 In each case the resultant fit parameters will be averaged
over the spatial width of the stopping profile. Depending on the particulars
of the sample this can be less than ideal.16

In each of chapters 3-6 the systems studied are superconducting thin
films with some combination of normal metal and ferromagnetic materials
in contact with them. The properties of each material layer will be very
different and many of the parameters change strongly as a function of tem-
perature and probing energy. In each case the sample is measured at each
muon energy above and below its superconducting transition temperature
Tc. The normal state fit is found and can be used as an input to the super-
conducting state spectrum providing a good initial guess for all parameters.
This allows any observed difference to be directly related to the supercon-
ductivity as opposed to, for example, fluctuations in the background field
across the sample. It also allows any temperature independent parameters
to be fixed to their normal state values in an effort to constrain the fit.

Figure 2.8 shows an example set of LEµSR data for the simple trilayer
sample from figure 2.7.

14For the majority of our measurements we used fixed transport settings of 15 kV
on the moderator. Where the accessible tuning range of the sample high voltage is not
sufficient to achieve the desired muon energy, however, it is necessary to play with these
settings and account for the different φ0 in the corresponding fits.

15In practice for our samples it is possible to fix β across all measurement sets taken
at a given temperature. This is material dependent but often takes a value within the
range 1.2 ≤ β ≤ 1.7.

16This is particularly true for the λ parameter in layered systems (especially where
ferromagnets are involved since they can generate strong stray fields). In such cases a
model profile can be imposed to allow λ to vary spatially in a controlled way. Further
information can be found at the end of the present section where this is discussed in
detail.
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Figure 2.8: Positron detector data plotted for a Cu(40)/Nb(50)/Co(2.4)/Si
sample, where the bracketed numbers indicate the layer thickness in nm,
measured at 2.5K using a muon energy of 4 keV . The left and right detector
data are plotted separately in blue and red respectively. Also shown are the
resultant best fits as solid black lines with χ2 = 1.03.

Table 2.1: Selected parameters for the example LEµSR fit displayed in figure
2.8.

α β φ0 A0 λ B
(rad) (%) (MHz) (G)

1.088± 0.002 1.61± 0.05 −10± 1 13± 0.2 0.65± 0.06 293.4± 0.1

The data are plotted separately for the left (NL) and right (NR) positron
detectors in blue and red respectively. In each case the solid black lines show
the fit to the data, with a χ2 = 1.03, with the corresponding fit parameters
shown in table 2.1. The measurement was conducted in an applied field of
B0 = (302.8 ± 0.1) Oe, as found from the corresponding normal state fit,
and at a temperature and muon energy of 2.5 K and 4 keV respectively.
The χ2 value reflects that the model fit is an appropriate choice for the data
set which can also be seen simply from looking at the raw data. As expected
the α parameter is close to one which suggests the beam is well centred.

If one refers back to the stopping profiles in figure 2.7 then clearly for
Eµ = 4 keV all of the information is coming from the proximitised Copper
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layer. Seeing as the measurement temperature is below Tc a small Meissner
screening response would be expected. Table 2.1 shows the average mea-
sured field is B = (293.4± 0.1) G which when compared with the value of
B0 shows there is clear diamagnetic screening in the superconducting state.
The superconducting state value of λ also reflects the flux expulsion since
there will be flux gradients that act to damp the signal more strongly than
in the normal state.17

The example measurement in figure 2.8 provides a relatively clean illus-
tration since the damping is low and the muons of Eµ = 4 keV only sample
a single layer. In cases where the stopping profile extends over two very
different regions of a sample, however, it is possible to model the data more
thoroughly by allowing the fit to be constructed from weighted sampling
across the different layers. This is particularly useful when dealing with
“step-changes” in material parameters, for example across the interface of
an NS bilayer, where a simple spatial profile in λ can be imposed which re-
flects this step function. In more complicated situations where the change
is continuous across the sample it may be appropriate to select a more com-
plex profile. Within a layered sample, for example, whenever a ferromagnet
is involved the associated stray fields result in much stronger damping that
can decay across the full spatial extent of the sample. In such cases it is
appropriate to model the depolarisation rate as an amplitude originating
at the centre of the ferromagnetic layer that decays away exponentially on
both sides as in equation 2.8

λ(x) = λ0 exp

(
− x
ξλ

)
, (2.8)

which was deduced empirically for the S/F thin film systems measured
within this thesis [39]. The depolarisation is characterised by an ampli-
tude (λ0) parameter and a characteristic decay length (ξλ). By allowing a
constrained spatial variation of λ a more accurate fit to the data can be
achieved. It is, however, now necessary to fit all of the data for a given
temperature and field simultaneously such that the profile best describes
the full set. Examples of both the step function and exponential form of
modelling λ can be found in chapter 3 where it is used when modelling

17The corresponding normal state value was λ = (0.35±0.04)MHz. This will represent
some combination of the nuclear depolarisation within the Copper and some background
stray fields extending out from the Co layer.
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Meissner screening in simple S, NS and NSF systems.

By fitting the full set of measured energies, as described in the example
above, the average field profile can be extracted. In cases where the under-
lying profile is known however, in a similar way as for the λ parameter it is
possible to impose the analytical form of B(x) on the measured data in or-
der to obtain a best fit profile for all measurement energies simultaneously.
This gives access to a full spatial description of the system and often allows
physical parameters to be extracted from the data.

2.1.7 Imposing the underlying field profile in an LEµSR experi-
ment

As mentioned briefly in section 2.1.6 it is possible to impose an analytical
form of B(x) on a measured set of LEµSR data as seen in, for example,
[60, 83]. This has the advantage of reconstructing the full spatial depen-
dence from the average and allows physically relevant parameters to be
extracted. This section highlights the important considerations to be made
when applying this method and gives some example model profiles for su-
perconducting thin films.

In the conventional analysis of low energy muon data it is assumed the
field from which muons are sampling is constant across the width of the
stopping profile. This, as previously described, allows the average field pro-
file to be extracted and where sufficiently many energy points are sampled18

can give a good indication of the underlying behaviour. This is particularly
useful in situations where the sample is highly complex or where there is
no initial expectation of what the full spatial profile ought to be. In reality,
there are many field profiles which could result in the same average flux and
so some amount of caution is required if and when interpreting the spatial
information further. This is illustrated by the schematic in figure 2.9 where
several possible underlying profiles (dashed lines) for the resultant average
are shown plotted together. In general, one can always employ physical
reasoning to eliminate some possibilities but this is not always accurate and
will still leave many potential solutions. One might also try to identify the
most likely profile by carrying out a χ2 analysis on the fit results of imposing

18The number of measurement points required for a given sample depends on how
slowly varying the underlying field profile is and on the spatial resolution of the stopping
profiles.

31



2 EXPERIMENTAL TECHNIQUES Rhea Stewart

several possible profiles as in [39]. This does not necessarily give a definitive
solution, however, and care needs to be taken when comparing χ2 values
originating from fits of variable parameter number.
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Figure 2.9: A schematic diagram of some possible underlying flux profiles
for average LEµSR data. Top panel: A stopping profile for some arbitrary
sample which extends over the range xmin ≤ x ≤ xmax. Bottom panel: Field
as a function of probing depth. The grey line indicates the conventional
approach to data analysis. The dashed lines are a selection of possible
spatial profiles with 〈B〉 shown as the plotted point.

In cases where there is a supporting theory to motivate a specific choice
of profile the average analysis can provide an indication of whether or not
this choice is appropriate. For a thin film superconducting sample with
vacuum interfaces, for example, the London theory provides the expected
cosh form for the flux profile which is given by equation 2.9 [47, 96].19

BS(x) = B0 cosh

(
x

λL
− dS

2λL

)
cosh

(
dS

2λL

)−1

, (2.9)

where λL is the London penetration depth, dS is the thickness of the thin
film superconductor and x = 0 corresponds to the top surface of the film. In
general, for a given material in thin film format λL can be much longer than
its bulk value. This is reflected in the amplitude of the screening that can

19The notation cosh(x)−1 will be consistently used throughout this thesis to refer to
division by cosh(x).
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build up at the centre of the sample. Within specific parameter regimes [58],
as discussed within chapter 3, this Meissner profile can be easily extended to
the modelling of an NS bilayer system simply by allowing for two different
decay lengths, λLL and λLR, corresponding to the left and right of the
minimum respectively as in equation 2.10:

BNS(x) = B0 + c e

(
−x
λLL

)
+ f(c) e

(
x−dNS
λLR

)
+ g(c) . (2.10)

The profile is now defined over the full thickness of the bilayer, dNS, and
f(c) and g(c) are chosen such that BNS(0) = BNS(dNS) = B0. This form
of BNS(x) accounts for the possibility of an asymmetric screening profile
associated with the two different materials and reduces to the simple Lon-
don case where λLL = λLR. In principle, a numerical form of BNS could be
calculated using the quasiclassical theory but the analytical form given by
equation 2.10 adequately describes the system.20 The extension to include
the effects of a ferromagnetic layer on the expected screening profile has
proven not to be straightforward. Naively, one might expect the exchange
field of the ferromagnet would act to break screening pairs within the region
close to the superconductor-ferromagnet interface. The net result being an
increase in λL and a corresponding reduction in the Meissner screening am-
plitude. A modified version of the bilayer profile given by equation 2.10
would then be an appropriate choice to describe the data. This is how-
ever not reflected in the experimental results presented within chapter 3.
The discrepancies between theory and experiment have lead to a number of
recent developments in the field. Most notably, the inclusion of electromag-
netic phenomena at SF interfaces [40–42, 85]. A detailed discussion of this
topic is given in the later experimental chapters.

Given an appropriate and justified choice for the analytical profile it
then becomes possible to fit it to all the measured data simultaneously. In
the case of equation 2.9 this would involve determining the value of B0 from
the normal state data, imposing the functional form on the superconducting
state and tuning the value of λL such that the profile best describes the data.
Where the chosen profile is a good description of the system this results in
typical chi-squared values within the range 0.96 ≤ χ2 ≤ 1.06. Once the
best fit profile has been determined a final check can then be carried out
by calculating the average values of B(x) for each measurement energy, as

20Please see chapter 3, or reference [60], for further details.
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in equation 2.11, and comparing these with the conventional data analysis
which finds 〈B〉(〈x〉) directly from the raw data21:

〈B(x)〉 =

∫ xmax
xmin

dx p(x)B(x)∫ xmax
xmin

dx p(x)
. (2.11)

Here p(x) is the stopping profile, for some fixed muon sampling energy,
defined over the spatial range xmin ≤ x ≤ xmax. In general, the correspon-
dence between the two methods is expected to be good where B(x) is a fair
description of the data.

21Note that a similar check can be carried out for the depolarisation rate modelling
discussed at the end of section 2.1.6. This just involves making the same comparison but
where the quantity of interest is now λ(x) rather than B(x).
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2.2 Low temperature transport system

All the transport measurements were carried out in-house using a standard
Cryogenic mini cryogen-free transport system.22 This is of course advanta-
geous in terms of cost, upkeep and maintenance and it has been a pleasure
to work with this system over the past few years.

2.2.1 System specifications and stability

Within this section a brief description of the capabilities of the green cryo-
stat transport system is provided. For technical details of the system the
reader is referred to Cryogenic’s technical manual of the instrument [97].

The main green cryostat system uses a GM cryo-cooler and Helium-4
compressor to cool both the superconducting magnet coils and the sample
space mechanically down to temperatures of 1.6 K. The system in St An-
drews is also equipped with a Helium-3 insert which extends the accessible
temperature range all the way down to 300 mK. Combine this with the
superconducting magnet coils, which can generate fields within the range
(−7 ≤ B ≤ 7) T , and the result is a versatile and easy-to-use workhorse for
investigating a range of different low temperature phenomena. The cryo-
stat is interfaced with a Keithley current source and nano-voltmeter pair
which provide the means to measure the transport characteristics down to
a typical voltage noise level of 10 nV [98].

A great deal of effort has been invested into the ease of day-to-day run-
ning of this system. A full suite of custom software has been designed to op-
erate all the standard measurement schemes (resistance-temperature (RT ),
resistance-applied magnetic field (RH) and upper critical field-temperature
(Hc2T )) in a safe and reliable way. The temperature stability is routinely of
the order ±0.1 mK with little evidence of thermal lag; making the system
ideal for measuring sharp superconducting transitions.

2.2.2 Sample environment and connections

The samples of study in all later chapters are superconducting thin films
of niobium which are usually in direct contact with normal metal and/or

22Owing to its colour this system is affectionately known as the green cryostat.
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ferromagnetic layers. Their typical superconducting transition tempera-
tures and upper critical fields sit within the range (7.5 ≤ Tc ≤ 8.7) K and
(1 ≤ Hc2 ≤ 3) T respectively and so are comfortably measurable with the
green cryostat system. Here a brief description of the sample environment
and connection procedure is provided for reference. Unless otherwise stated
all transport data presented in the later chapters were collected under these
conditions.

The thin film samples are grown, using DC magnetron sputtering, on
simple silicon substrates of (2×2) cm2 in area. Given the limited size of the
sample space in the green cryostat it is necessary to trim a small piece of the
sample off using a diamond cutter.23 The resulting sample is typically a bar
of (2×8) mm2 in size which fits snugly on the standard sample holder. Once
trimmed to size the samples are stuck down to the sample puck using glue
and contacts made, in a standard 4-point arrangement [99], to gold-plated
bonding pads. The inset on the right of figure 2.10 shows a schematic of
the result.

Tsample

TVTI

He

V+

V-I+

I-

Sample connections

8mm

2
m

m

Figure 2.10: A schematic diagram of the green cryostat sample environment.
The left panel shows a cross section of the sample space set up for He-4
operation. The applied field is perpendicular to the sample surface in the
standard geometry. On the right a sketch of a typical sample in dark grey
is shown with the usual 4-point connections indicated on the sample.

23In general, the measured segment is always cut from near the centre of the sample
for consistency and to avoid any non-uniformity in film thickness at the edges. Needless
to say this is performed after the LEµSR measurements have been performed.
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The contacts are formed from a fine polymer coated cryogenic wire using
the indium press method. The result is a durable low temperature contact.

The sample puck is gold-plated for thermalisation purposes and has a to-
tal of six conducting pads. Each pad connects to a corresponding pin which
mates with a terminal on the sample probe. This is shown in the main panel
of figure 2.10. These connections are then wired up to the Keithley current
source and nano-voltmeter pair. A source current of ±0.01 mA is applied at
I+ and collected at I−. The corresponding voltage measurement is taken
across V + V− using the low noise Deltamode feature [98]. It is important
to note that such a low measurement current in known, from detailed tests,
not to significantly effect the superconducting transition through heating.24

Once mounted up and connected to the Keithley arrangement the sample
space is sealed and pumped out to high vacuum. A helium exchange gas
pressure of 25 mbar is used during standard operation to provide good
thermal contact between TV TI and Tsample. The cooling power is provided by
the low pressure flow of He-4, regulated by a simple needle valve, around the
outside of the sample space. At low system temperatures it then becomes
possible to apply an external magnetic field. In the standard geometry this
is perpendicular to the plane of the sample, as labelled by B in figure 2.10,
though alternative sample holders can be used where a different orientation
is desired.

24The tests found currents of up to 1 mA did not provide significant heating during
measurements conducted on our thin film superconducting samples.
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2.3 MPMS measurements

For those samples which contain ferromagnetic components it is important
to characterise their behaviour in an applied field. It is useful to know,
for example, what the magnetic state looks like at the muon measurement
field and in cases where there are multiple ferromagnetic layers one might
also like to know the different switching fields such that relative orientations
can be tuned. Additionally, in chapter 5, where insulating oxide barriers
were grown atop a ferromagnetic Co layer, it was important to look for any
signs of cobalt-oxide formation since this is known to be antiferromagnetic
and could have effected the physics of the overall system (see for example
[100–103]). In all cases this was achieved simply by measuring MH loops
in a standard Quantum Design Magnetic Properties Measurement System
(MPMS) [104]. This section gives a brief overview of the procedure followed
for these simple measurements.

2.3.1 MPMS measurement and data fitting

Within the MPMS system there is an arrangement of superconducting de-
tection coils through which a magnetic sample can be passed; inducing an
electric current. The coils are connected, via a superconducting wire to
a SQUID sensor. The current generated in the coils by the passing mag-
netic moment is inductively coupled to the SQUID which when correctly
configured produces a voltage directly proportional to the current flowing.
In this sense the system operates as a highly sensitive current to voltage
converter allowing magnetic moments of the order of 0.1 µemu to be de-
tected [105]. The system in the lab in St Andrews offers the opportunity
to measure over standard temperature and field ranges of (2 ≤ T ≤ 400) K

and (−5 ≤ B ≤ 5) T respectively.
On the left of figure 2.11 a sketch of the internal coil configuration is

shown. This comprises a set of three coils of superconducting wire: the
top and bottom each being a single anticlockwise winding and the centre
coil two clockwise windings as indicated. This configuration is known as
a second derivative gradiometer and acts to reduce noise associated with
variations in the flux density whilst still measuring the local changes in flux
density associated with the moving dipole field of the sample.25

25In the ideal case any changes in the applied field due to relaxation of the magnet will
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The sample, labelled in figure 2.11 by “S”, is mounted on a rigid rod
which is passed up and down along the axis of the coils over some scan
length where the sample position is aligned with the centre of the coils at
the centre of the scan window. The motion of the sample through the coils
is controlled by a stepper motor and occurs in a series of discrete steps.
A change in the sample position causes a change in the persistent current
flowing within the superconducting coil, since variable flux will thread each
loop, which in turn causes a change in the voltage detected at the SQUID
sensor. At fixed positions along the scan length the sample is stopped and
several voltage readings are taken and averaged. The signals on the right
of figure 2.11 show the resultant voltage as a function of scan position, x,
for the ideal case of a point magnetic dipole.

H

-1

+1

+1

-1

S

X (cm)

Voltage (V)

Figure 2.11: A schematic diagram of the SQUID magnetometer. On the
left is shown the superconducting detection coils, a set of three, which are
wired as a second-derivative gradiometer configuration. The arrows show
the direction of the wire turn and S indicates the position of the sample
on the quartz sample stick which passes up and down through the coils. H
represents the externally applied field which can be tuned through ±5 T .
On the right is shown the expected voltage signal for a point magnetic dipole
passing through the coils. The total signal (purple dashed) is the sum of
the separate responses from each of the coil winds (grey dotted).

be uniform and so the contributions from the clockwise loops will be exactly cancelled
by those of the anticlockwise.
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In grey dotted lines are presented the individual responses from each loop
of the superconducting wire as the point magnetic dipole passes through.
The superposition of these responses gives the total signal which in this
case is represented by the purple dashed line. In order to observe this ideal
signal the sample must be of uniform magnetisation and be of a size that
is much smaller than the spatial extent of the detection coil. Alignment is
also important since any lateral or angular offset will effect how the flux
threads the coils.

A typical measurement involves tuning through some parameter space,
for example the externally applied magnetic field, and taking a position
scan at each measurement point. The total voltage signal is collected and
can then be fit to extract the magnetic moment of the sample. Providing
the sample size, magnetisation and alignment requirements are met the
total signal can be fit with the standard form for a magnetic dipole passing
through a second order gradiometer coil [106, 107]. In the standard approach
to data analysis this form is fitted, using simple linear regression, directly to
the SQUID output signal using inbuilt software. This method requires an
accurate knowledge of the centre of the sample which is easily determined
during a carefully conducted set up phase for each sample measurement.

2.3.2 Sample mounting and measurement considerations

As described in section 2.3.1 it is important to take appropriate action
to ensure the sample being measured can be treated successfully as a point
magnetic dipole. Here a brief account of the typical sample preparation and
mounting procedure is given along with some specific experimental consid-
erations for superconducting-ferromagnetic thin film samples.

Before a sample is mounted it is first trimmed using a diamond cutter
into a square (3 × 3) mm2 in size. This can then be fixed securely to the
sample holder. Often a plastic straw is used but where alignment is crucial,
as it has turned out to be for these SF thin films which can have a strongly
angular dependent response and small signal amplitude, a rigid quartz rod
is used instead. This results in a uniform background along the scan length
and prevents any bending of the sample holder as the magnetic field is ap-
plied or the sample moved through the coils. The optimal alignment of the
sample within the plane of the external field ensures the longitudinal com-

40



Rhea Stewart 2 EXPERIMENTAL TECHNIQUES

ponent dominates and is not polluted with the transverse response. When
interested purely in the magnetic character of the sample it is important
to measure above the relevant superconducting transition to avoid any ad-
ditional signatures of superconductivity being measured. Typically all the
measurements presented here were carried out at a constant temperature
of 10 K with the applied field varied and the resultant MH loop extracted
from the SQUID responses as previously described.
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3 | Anomalous Meissner Screen-
ing in SF systems

The work presented in this chapter is based on that published in [60] and
follows directly on from the observations made in “Remotely induced mag-
netism in a normal metal” [39]. In this paper the authors reported an
anomalous magnetic flux lowering within the N layer of an NSFnF spin
valve structure measured using low energy muon spin rotation (LEµSR).
The observed flux lowering showed a degree of dependence on the collinear-
ity of the two ferromagnetic layers and could not be explained by an or-
dinary Meissner screening effect or by the quasiclassical theory framework
for SF proximity systems. Since LEµSR does not directly distinguish be-
tween spin and orbital contributions to the magnetic flux profile and given
the relatively complex sample structures; these initial measurements left
open many possible origins for the observed effect. In a bid to uncover the
source of the anomalous flux lowering we have therefore conducted a series
of systematic experiments on simple S, NS and NSF thin film systems to
disentangle the various contributions to the muon signal. We have observed
the following:

i) The single layer S films expel the least flux, exhibiting a weak Meissner
effect, the magnitude of which is set by λL.

ii) In the case of the NS bilayer, the N layer becomes fully proximitised
such that the Meissner screening extends across the full sample in a
near symmetric fashion. This can be successfully modelled using the
quasiclassical theory and depends largely on the mean free path of N.

iii) In the case of the NSF trilayer samples the addition of a thin ferro-
magnetic layer surprisingly results in a further enhancement to the
magnetic flux expulsion. This was unanticipated by theory and is con-
trary to the ideas of SF pair breaking.
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When taken together these observations have allowed the origin of the
anomalous effect to be pinpointed to the addition of the thin ferromag-
netic layer though the underlying mechanism could not be identified at the
time the analysis was carried out. The results of this study highlighted a
gap within the existing theory of SF proximity systems and strongly sug-
gest a degree of cooperation between the superconducting and ferromagnetic
orders which is an essential ingredient for application to superconducting
Spintronics. Following the publication of this work in [60] there was a flurry
of activity within the the SF theory community which culminated in the
development of a new theory of electromagnetic proximity [40–42] which
will be discussed in detail in chapter 4 within the context of this work.

3.1 Introduction

As previously discussed within chapter 1, when a material becomes super-
conducting it loses all electrical resistance [5, 6, 108, 109] and develops the
ability to expel magnetic fields through the Meissner effect [30]. Whilst de-
tection of zero resistance is these days quite often a simple affair; the direct
measurement of the flux profile across a superconductor is still a challenge.
If one can measure the flux profile of a mesoscopic system, however, the
reward is great. Even in the simple case of a thin film superconductor the
response to an applied field can be very different to the bulk behaviour,
depending on how the London penetration depth (λL) compares with the
film thickness [47, 110], and in normal metal - superconductor bilayers the
Meissner response can be highly non-trivial. In such a system, depending
on the relative material parameters and interface resistances, it is possi-
ble for the normal metal to exhibit a Meissner screening response thanks
to the propagation of superconducting correlations via the proximity effect
[58, 59, 111–115]. This response can in some cases even be stronger than
that of the thin film superconductor; an effect which largely depends on
the mean free path of the normal metal [58, 60]. Things get even more
interesting, however, when the normal metal is replaced with a thin fer-
romagnetic layer. This has the potential consequence of generating a net
paramagnetic Meissner response [31], as opposed to the usual diamagnetic
screening, thanks to the possibility of odd-frequency triplet correlations ex-
isting within the system. Additionally, it is possible to manipulate the
superconductivity within these systems to tune between dominantly singlet
or triplet behaviour. This has been demonstrated at spin active interfaces

43



3 ANOMALOUS MEISSNER SCREENING IN SF SYSTEMS Rhea Stewart

[116–118] using, for example, non-collinear ferromagnets [24, 119–125] and
within spin valve structures where the relative orientation of different fer-
romagnetic layers can be varied [75–81]. This tuning has a visible effect on
the screening and so by probing the spatial flux profile one can therefore
gain access to a wealth of information about the microscopic picture within
these proximity systems. All this, however, requires a detailed knowledge
of the underlying behaviour of each layer within the sample since it is im-
perative to be able to disentangle what contributions to the total signal
come from which phenomena. The experiments must therefore be carried
out in a careful and systematic way with a variety of corresponding control
measurements on more simple systems.

As described in section 2.1 LEµSR offers a uniquely sensitive way to
measure local flux within a sample. With this in mind and with the aim of
understanding the anomalous behaviour reported by Flokstra et.al. in [39]
the results of a systematic LEµSR study on simple thin films of copper (N),
niobium (S) and cobalt (F) are presented within this chapter.

3.2 Samples

3.2.1 Sample design

In order to investigate the source of the anomalous behaviour observed in
[39] a series of thin film structures of the form S, NS and NSF; where
N = Cu(40), S = Nb(50) and F = Co(2.4) and the brackets indicate layer
thickness in nanometers, were grown. Figure 3.1 shows a cross section of the
sample layouts used for the study. The samples were grown atop conducting
silicon substrates to prevent any charging and high voltage issues during the
muon measurements. In the case of the NSF trilayer samples a thin, non-
superconducting, buffer layer of niobium was deposited before any further
growth occurred. This was necessary to ensure a smooth growth of the
cobalt layer, and consequently a clean resultant magnetic state, since the
niobium is well lattice matched contrary to the silicon substrate.

Two separate sample series were prepared. The first, Set I, was grown
using a Nb target purity of 99.99 % compared with the 99.999 % purity
used for sample Set II. The effect of the differing target purities we expect
to be twofold. Firstly, the superconducting transition temperature (Tc) will
be reduced where the Nb quality is lower and secondly, seeing as there will
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Figure 3.1: Schematic diagram of the S, NS and NSF sample structures.
In the NSF case a thin niobium buffer layer is used to ensure smooth Co
growth.

be more impurities present, the mean free path will be shorter resulting
in a longer London penetration depth (λL). These differences ought to be
reflected in both the transport measurements and in the LEµSR results,
where we expect to see an increased Meissner screening response in Set II
when compared with Set I. By growing these two variable Nb purity sets a
more detailed understanding of the underlying thin film superconductivity
and NS bilayer proximity effect can be developed. This is because there
will be two data sets where the relative material parameters between the
Nb and Cu are different and where consequently the systems may sit within
a different regime of behaviour.

3.2.2 Sample growth

All samples were grown using DC magnetron sputtering [126, 127], with
support from Dr Gavin Burnell and coworkers at the university of Leeds,
at ambient temperature in a system with a base pressure of 10−8 mbar.
The samples were grown atop Si(100) substrates which had been cleaned
in a bath of alcohol before being loaded into the vacuum chamber. Each
sample set was grown within a single vacuum cycle to ensure uniform sample
quality and make for appropriate comparisons between the different sample
structures. All growth was performed under an Ar flow of 24 sccm at a
rate dependent on the material being deposited. In order to determine
the growth rate for each source single material layers were deposited, over
a fixed period of time, and measured using low energy x-ray reflectivity
(XRR) [128]. Some example data are shown in figure 3.2.26 The thickness
of each layer was extracted from fits to the Kiessig fringes and the growth
rates subsequently determined and are displayed in table 3.1

26XRR data supplied by Dr Nathan Satchell, University of Leeds.
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Figure 3.2: The XRR data from which the growth rates displayed in table
3.1 were extracted.

Table 3.1: Table of material growth rates

source growth current growth time thickness growth rate
mA s Å Ås−1

Co 50 300 260 0.9
Nb 100 200 520 2.6
Cu 50 100 350 3.5

3.3 Sample characterisation measurements

Once the samples had been grown, a number of characterisation measure-
ments were performed ahead of the LEµSR beamtime experiments. These
were carried out in St Andrews using both the MPMS SQUID magnetometer
and the Cryogenic mini cryogen-free transport system. Please see sections
2.3 and 2.2 respectively for details of the experimental systems used.

3.3.1 Resistance and critical field measurements

Resistance and critical field measurements as a function of temperature are
presented in figure 3.3 for sample Set II. These are representative of all
measurements taken on both sets and further details regarding the mea-
surements can be found in appendix B.
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Figure 3.3: Transport data for the S, NS and NSF thin film samples from
Set II. The left panel shows the resistance data, normalised to the normal
state value measured at 10 K, and the right the upper critical field. The
upper critical field measurements were carried out with the applied field
direction perpendicular to the sample plane.

Table 3.2: Sample parameters extracted from transport measurements pre-
sented for sample sets I and II.

sample structure Tc /K ∆T /mK H0 /T ξs /nm

I II I II I II I II

S 8.35 8.69 42 72 2.58 2.69 11.3 11.1
NS 8.17 8.05 380 275 2.21 2.43 12.2 11.6
NSF 7.59 7.55 360 170 1.64 1.38 14.1 15.4

The left panel of figure 3.3 shows the resistance-temperature (RT ) data,
measured on an up and down temperature sweep at a current of 10 µA, for
the N, NS and NSF samples. The resistance has been normalised to the
normal state value measured at T = 10 K (R10). As might be expected,
the addition of both the N and F layers in direct contact with the supercon-
ductor results in a significant suppression of the superconducting transition
temperature (Tc). This suggests that the interfaces between the different
material layers are clean and allow for transport of superconducting correla-
tions out of the Nb and into the neighbouring elements. From the RT plot
the value of Tc and an associated transition width (∆T ) can be extracted.
These values are shown in the first two columns of table 3.2 for both sample
sets. More details about how these values were extracted from the data can
be found in appendix B. For Set I, grown with the less pure niobium target,
the Tc values are lower and the interface quality appears to be marginally

47



3 ANOMALOUS MEISSNER SCREENING IN SF SYSTEMS Rhea Stewart

worse. This is evident from the smaller shift in Tc and the larger broadening
of the RT curves in those structures containing normal metal and ferromag-
netic layers when compared with the bare superconductor. The behaviour
of Tc and ∆T is qualitatively consistent between sets.

The right of figure 3.3 presents the upper critical field as a function of
temperature for S(II), NS(II) and NSF(II). For all measurements the field
was applied perpendicular to the sample plane. Each individual point was
extracted from a resistance-applied field (RH) curve measured at constant
temperature. The criterion used to define Hc2 was that the resistance had
dropped to 2% of R10. The error bars were determined based on the field
step size and the RH transition width which was typically broader for lower
temperatures. Further details of the data analysis procedure used can be
found in appendix B. The solid lines represent fits to the data using equation
3.1 where H0 is the upper critical field at zero temperature and α and β are
parameters associated with the dimensionality of the system [7, 47, 129]

Hc2(T ) = H0

(
1−

(
T

Tc

)α)β
, (3.1)

Hc2(T ) =
−φ0

µ02πξGL

(
1− T

Tc

)
, (3.2)

ξS =
2

π
ξGL . (3.3)

A standard Levenberg-Marquardt fit algorithm [95] was used to optimise
the values of H0, α and β with the value of Tc fixed to that extracted from
the respective RT measurement. Equations 3.2 and 3.3 could then be used
to determine the value of the superconducting coherence length ξS where
ξGL is the Ginzburg-Landau coherence length and all other symbols have
their standard meaning. The values of H0 and ξs for each sample set are
shown in columns 3 and 4 of table 3.2. All of the superconducting thin film
samples result in ξs values of the order 10− 15 nm as opposed to values of
up to 40 nm measured in high purity niobium [48].

3.3.2 SQUID measurements

The MPMS was used to characterise the magnetic behaviour of the Co
within the NSF trilayer samples. The measurements presented here were
taken at a temperature of 10K such that the system was in the normal state.
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Figure 3.4: left panel: an example voltage - position curve for NSF(II). The
data (points) are shown with the associated fit of the magnetic dipole model
(line). The dashed line indicates the centre position. right panel: MH loop
for NSF(II). The muon measurement field is marked with a vertical line.

The left panel of figure 3.4 presents a representative raw SQUID scan for
the NSF(II) trilayer sample. The plotted points are the measurement data
and the line shows a fit of the magnetic dipole model made to that data.
From this fit to the raw scan the moment can be extracted and plotted as
a function of the applied field which, for the example data set was set to
700 Oe. A series of such scans at different applied field were measured, fit-
ted and used to plot the moment as a function of applied field curve shown
in the right panel of figure 3.4. The arrows show the direction of the mea-
sured field sweep and the vertical line indicates the applied measurement
field used for the LEµSR measurements which was typically set to 300 Oe.

The magnetic dipole model appears to be a good description of the scan
data shown in the left panel of figure 3.4 with only small deviations from
the expected behaviour evident round the peak. As expected, the extracted
values of magnetic moment as a function of applied field presented within the
right of figure 3.4 show the magnetic hysteresis typical for a ferromagnetic
sample. Importantly, at an applied field of 300 Oe the ferromagnet has
almost reached saturation and so the magnetic state should be saturated
for LEµSR measurements conducted at applied fields of ≈ 300 Oe.
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3.4 Low energy muon spin rotation measurements on

S, NS and NSF thin film samples.

In this section the focus is on the experimental procedure and results specific
to these S, NS and NSF thin film samples. As such only a skeleton of the
technique and analysis is repeated for completion. For further information
regarding muon spin rotation measurements and data analysis the reader is
referred back to section 2.1 where these are discussed in detail.

All LE-µSR measurements were carried out on the µE4 beamline at the
Paul Scherrer Institut [91]. As described in section 2.1.4 LEµSR allows the
magnetic flux profile of a sample to be mapped out, to an energy dependent
spatial resolution and field uncertainty of around 0.1 Gauss, over typical
probing depths within the range (10 ≤ x ≤ 100) nm [90]. The measurement
involves a nearly 100% spin polarised beam of muons, of tunable energy,
incident on the sample single muon at a time. Once implanted a muon
will rapidly thermalise before Larmor precessing around the local magnetic
field. At some later time the muon decays and emits a positron preferentially
along its momentary spin direction which is collected at one of two positron
counter detectors. By collecting the resultant positrons from a statistically
significant number of events, in this case each spectrum comprises 2.5 million
counts, the contained information about the local magnetic environment the
muon ensemble experienced can be extracted [86].

In order to probe the screening behaviour of the sample an external
magnetic field of 300 Oe is applied above Tc within the plane of the sample
as sketched previously in figure 2.4. The incoming muon energy is varied,
where for each energy a spectrum of 2.5 million events is collected both in
the normal state (T = 10 K) and the superconducting state (T = 2.5 K),
such that for each energy E at each temperature the average flux 〈B(E)〉 can
be determined. A conversion from energy to spatial coordinates can then
be carried out using the stopping profile of muons within that sample as
calculated using a well-proven Monte Carlo algorithm [93, 94]. The result of
this standard “averages” approach to the data analysis is an average spatial
profile 〈B(〈x〉)〉. Where the underlying flux profile is known, however, this
can be imposed on the data and a full spatial dependence extracted from
the weighted averages.
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3.4.1 Single Nb layer: determining λL for each sample set

By first examining the data for the two simple thin film samples of niobium
an indication of the “bare” superconducting response was determined. The
corresponding penetration depths were extracted from the full spatial anal-
ysis of the average data within the London model. These results could then
be used as a reference for the bilayer and trilayer sample analysis presented
in sections 3.4.2 and 3.4.3 respectively. Figure 3.5 shows the results of the
LEµSR measurements on the thin film niobium samples from Set I and II.
Within this section each component of this plot shall be discussed in some
detail.

A subset of the calculated stopping profiles for a 50 nm thick film of
niobium are shown in the top panel of figure 3.5c).
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Figure 3.5: LEµSR results on thin film niobium. a) Example raw LE-µSR
data. NL and NR are the left and right detector data respectively and the
grey lines are fits to the data. The spectra shown are for S(II) measured
at Eµ = 4 keV and T = 2.5 K. b) Depolarisation rate as a function of
〈x〉 above and below Tc for S(II). c) Top panel: muon stopping profiles
for a range of energies. The vertical lines indicate the average probing
depth in each case. Bottom panel: Average field as a function of average
depth. The solid lines represent the best fit field profiles and the data
points are the average values. Open (closed) data points correspond to
normal (superconducting) state measurements taken at 10 K (2.5 K).
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At the lowest easily accessible muon probing energy, Eµ = 4 keV , almost
all of the muons stop in the top half of the niobium thin film. As the muon
energy is increased the average stopping position shifts to higher depths and
the profile becomes broadened such that a tail of the distribution always
probes the top region of the sample. At Eµ ≥ 12 keV the muons begin to
substantially sample the silicon substrate. This does not present a prob-
lem to our analysis, however, since silicon is known to trap muons within
muonium states and so does not contribute to the total signal [130]. If one
considers the stopping profiles, it is clear that by measuring a set of ener-
gies (Eµ = 4, 6, 8, 10, 12) keV the full spatial extent of the niobium will be
spanned in enough detail to map out a spatial profile. It is also important
to note that where a single stopping profile spans the full extent of the sam-
ple, and the form of the underlying spatial profile is known, it is possible
to reconstruct the spatial information from that single measurement alone
(though with larger error).27 With this in mind it is only necessary to mea-
sure the full set of probing energies for one of the thin film niobium samples
since the average data immediately show the London profile is an appropri-
ate description for these thin film systems. This is the strategy taken here
where limited beamtime was available to complete the measurements.

The results of the conventional averages approach to the data analysis
are shown as the plotted points in the bottom panel of figure 3.5c) where
the corresponding error bars are taken directly from the results of the data
fitting. As detailed in section 2.1.4 these average flux values are extracted
from the measured raw detector spectra. A representative spectrum for
S(II), measured at Eµ = 4 keV and T = 2.5 K, is presented in figure 3.5a).
The left (NL) and right (NR) detector data are plotted separately with their
associated fits shown as solid grey lines. There is a good correspondence
between the data and the fit which has a resultant goodness of fit parameter
χ2 = 1.04. All open symbols correspond to the normal state measurements
where the applied measurement field of 302.6 Oe28 was simply recovered.
The superconducting state data are plotted separately in closed circles and

27This is possible because the stopping profile tells us how the sampling of the under-
lying flux profile across the full layer is weighted. Given the flux average across the layer,
therefore, one need only tune the fit parameters of the known profile until its average best
matches the measured flux average when sampled as dictated by the stopping profile.

28Although the measurement field was set to 300 Oe there is some room for error in
the supply current. Once set this remains constant providing there are no changes made
to the system. This discrepancy, and to attribute any measured changes to supercon-
ductivity, is why the normal state is measured for all samples as a reference.
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triangles for S(I) and S(II) respectively. For both measured samples a small
flux lowering is observed across all measured energies. This is due to the
expected Meissner screening response which in the case of S(I) and S(II) is
of the order of 0.1% and 1% respectively reflecting the difference in niobium
quality and the consequent difference in the London penetration depth λL.

As discussed in section 2.1.6 it is often possible to spatially model the
muon depolarisation rate (λ) such that it can be constrained or even treated
as a fixed parameter. For a single layer sample, such as was measured here,
this is very simple. Figure 3.5b) shows a plot of the λ values as a function of
the probing depth. The plotted points are the unconstrained values obtained
from the averages analysis where open circles are measured in the normal
and closed circles the superconducting states respectively. In the normal
state the average fit value for λ was around 0.3 MHz, which represents the
nuclear depolarisation rate of the niobium, and in the superconducting state
this increases slightly to 0.35 MHz due to the flux gradients now present
within the system. Once determined it is then possible to fix the value of λ
to its average value, in the case where it should remain constant across the
sample, in an effort to constrain the fit. For these simple samples there is
little point in carrying out this profile analysis but modelling λ will become
very important in the following two subsections where there are multiple
material layers and significant stray fields present across the sample.29

In the case of S(II) the full set of energies maps out the expected cosh-
like shape of the Meissner profile for a thin film superconductor. This form
is given by equation 3.4 where dS is the thickness of the thin film [47].

BS(x) = B0 cosh

(
x

λ
− dS

2λ

)
cosh

(
dS
2λ

)−1

(3.4)

As such it seems an appropriate choice to take this analytical form of BS(x)

and impose it on the superconducting state data for both S(I) and S(II)
such that in each case the full spatial profile can be extracted from the
average data as described in section 2.1.7. The results of this analysis are
shown in the bottom panel of figure 3.5c). In the normal state the field
profile, represented by the solid red line, is constant across the sample at
the average measured value of the applied field. In the superconducting

29The precise origins of the scatter in the average lambda values from the unconstrained
fit is not clear. For higher energies the muons start to sample the substrate and for lower
energies perhaps the vacuum interface plays a role in generating additional sources of
depolarisation.
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state the resultant best-fit profiles for S(I) and S(II) are represented by the
dashed and solid blue lines respectively. The corresponding best-fit values
of λL are shown in table 3.3.

Table 3.3: Table of best-fit λL values for S(I) and S(II).

sample λL ±∆(λL) χ2

nm nm

S(I) 270 5 1.060
S(II) 160 2 1.045

It is clear from the successful data modelling that the choice of profile given
by equation 3.4 is appropriate for these thin film systems.30 As can be seen
in table 3.3 the expected result, that λL(I) should be significantly longer
than λL(II), was recovered from the analysis. When compared with the
behaviour of clean niobium, where λL ≈ 30 nm, [48–51] these dirty thin
film systems produce a limited screening response due to their relatively
short mean free paths which were measured, using a standard Van der
Pauw method, at room temperature to be of the order of 1 nm. This in
turn effects the London penetration depth, where values of up to 230 nm

have been previously observed [52, 53], such that ultimately the applied
field is only partially screened at an amplitude dependent on λL/dS.

By successfully modelling the data in this way a benchmark value of λL,
and consequently the Meissner screening amplitude, has been determined
for each of the different niobium growth qualities. Given the same sample
growth conditions the results on more complex structures can be compared
against these values and the origins of any anomalous behaviour investigated
in a more systematic way than was previously possible.

3.4.2 NS bilayer results and quasiclassical modelling

The natural extension to the thin film superconductor is the NS bilayer sys-
tem to which we now turn our attention. Within this section are presented
the results of the LEµSR measurements and analysis on NS(I) and NS(II).
In the latter half of the section the focus is on using the quasiclassical for-
malism to model the behaviour of the bilayer systems. These calculations
were carried out by Dr Machiel Flokstra using a self-built software suite

30Importantly, the average and full spatial approaches to modelling the data are dis-
tinct and the resultant values should not directly correspond to one another.
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[131]. As shall be seen in what follows, this formalism can provide the
opportunity to model the LEµSR data with great success but does require
knowledge of many experimentally determined material parameters as input
to the model. Some of these were extracted from transport measurements
and some from the muon measurements on the bare niobium samples pre-
sented in the previous section.

Part I: LEµSR results

The results of the LEµSR measurements on NS(I) and NS(II) are pre-
sented in figure 3.6 where the best-fit London profiles for S(I) and S(II) are
also shown, as dashed and solid grey lines respectively, for comparison.
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Figure 3.6: LEµSR results on the CuNb bilayer samples. a) Example raw
LE-µSR data. NL and NR are the left and right detector data respectively
and the grey lines are fits to the data. The spectra shown are for NS(II)
measured at Eµ = 4 keV and T = 2.5 K. b) Depolarisation rate as a
function of 〈x〉 above and below Tc for NS(II). c) Top panel: muon stopping
profiles for several selected implantation energies with the lines indicating
the corresponding average sampling depth. Bottom panel: Average field
as a function of average depth. Open (closed) data points correspond to
normal (superconducting) state measurements taken at 10 K (2.5 K). The
lines are a guide to the eye. The best fit field profiles for S(I) and S(II) are
shown in grey for reference.
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As can be seen with reference to the top panel of figure 3.6c) the stopping
profiles behave similarly to those described in section 3.4.1 for S(I) and S(II)
but where now, due to the additional copper layer, the probing energy range
required to sample the full bilayer has increased. A set of energies spanning
the range (4 ≤ Eµ ≤ 23) keV is now required to sample the full extent
of the bilayer where for Eµ ≥ 20 keV some of the muons are once again
lost to the sample substrate. Importantly, at an energy of 4 keV all of the
muons stop within the Cu(40) layer. This is important since any measured
average signal will be associated only with that material layer allowing an
immediate conclusion to be drawn as to whether or not the screening ex-
tends beyond the niobium layer.

The results of the conventional muon data analysis are presented in the
bottom panel of figure 3.6c). Error bars, typically (0.1−0.3) G, are plotted
but in most cases are too small to be visible on the y-axis scale. The open
data points plotted in red correspond to the normal state data which were
measured at a fixed temperature of T = 10 K. The filled points plotted
in light blue show the superconducting state data measured at T = 2.5 K.
As previously discussed each data point represents an average field value
at some corresponding average probing depth extracted from a fit to the
raw detector data and the lines are just a guide to the eye. An example
spectrum, measured using an energy Eµ = 4 keV and at a temperature
T = 2.5 K for NS(II), is shown for the left (NL) and right (NR) detectors
separately in figure 3.6a) along with the associated fits to the raw data
(grey lines). Seeing as the sample is now composed of two different material
layers with different material properties one can consider modelling the
data to allow for a different fixed depolarisation rate in each layer. In this
case a simple step function approach was taken as shown in figure 3.6b)
where the depolarisation rate (λ)31 is plotted as a function of the average
probing depth. The data points represent the average values extracted
from the conventional approach to the data analysis and the solid lines
are the optimised step function profiles. The step was fixed to be at the
known interface position and the amplitudes either side treated as free fit
parameters. As described in sections 2.1.6 and 2.1.7, the resultant best-
fit profile then constrains the value of λ within the different regions which
are sampled by the incoming muons in a manner weighted by the relevant

31Not to be confused with λL which is the London penetration depth.
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stopping profiles. This allows a more accurate fit to the data to be achieved
since the modelling now accounts for the material differences in a controlled
way resulting in improved χ2 values and consequently smaller error bars in
the extracted average fields.

Considering again the results presented in the bottom panel of figure
3.6c) it can be seen that as expected the normal state measurements simply
recover the applied field. In the superconducting state a flux lowering is
observed for all measured energies for both NS(I) (points with a dashed
blue line) and NS(II) (points with a solid blue line) which clearly shows the
Meissner screening response extends well into the copper layer. Indeed if
one considers the Eµ = 4 keV data, which samples only the Cu(40) layer,
the screening response built up over the stopping profile is roughly 3 G and
7 G for NS(I) and NS(II) respectively which strongly suggests the copper
layer has been fully proximitised. This is echoed by the substantial increase,
in both cases, of the overall screening amplitude that has built up across
the full spatial extent of the bilayer. A quick comparison to the S(I) and
S(II) data shows the amplitude is now approximately three times larger in
both sets when compared to the bare response. Such an increase must be
associated with a corresponding increase in the available screening volume.
Within the bilayer system, therefore, the pairs are able to utilise the cop-
per layer in an effort to screen the applied field more effectively such that
λL/dNS is now the relevant quantity in deciding what fraction gets screened
away. How effective the copper layer is in boosting the screening is related
to its mean free path since this will determine, for a given interface resis-
tance, how well the screening pairs can propagate through the system. This
shall be explored in more detail in part II, within the context of the quasi-
classical formalism, and although the result seems counter-intuitive in fact
it drops directly out of the theory and is in agreement with earlier work by
Belzig et al. [58].

Part II: quasiclassical modelling of the flux profile

Whilst the results of the conventional approach to the LEµSR data anal-
ysis immediately provide evidence for a large increase in screening amplitude
they do not give a detailed picture of how or why this is happening. Neither
do they provide a full form for the spatial flux profile, BNS(x), which may
be very different to that for the thin film superconductor given by equation
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3.4. In both cases it is useful to turn to the quasiclassical theory for dirty
thin film superconductors. In doing so, the theoretical response of the total
system to an applied field can be calculated and compared with the experi-
mental results. In this way the relevant tuning parameters can be identified
and a clear picture of the numerical form of BNS(x) obtained. Within this
subsection a brief description of the method and results of the modelling
procedure will be presented along with some discussion of their implication
to the LEµSR data analysis in later chapters.

The calculations involve using the quasiclassical theory in the dirty limit
to determine the system Green’s functions. Once these are known the re-
sponse to a small externally applied field can be determined via the linear
response theory. The result is a numerical spatial profile for the flux across
the sample which can then be directly compared to the experimental data.
As stated previously the calculations presented here are the work of Dr
Machiel Flokstra and in what follows a sketched outline of the method he
used will be given.32

A system’s Green’s functions describe how, under the influence of in-
teractions, particles propagate through that system. Since the samples
of interest here are superconducting, the single particle, Gα,β(x, x

′
) and

Ḡα,β(x, x
′
), and the anomalous Green’s functions, Fα,β(x, x

′
) and F̄α,β(x, x

′
),

are required to describe their behaviour. These are defined as

Gα,β(x, x
′
) = −i

〈
Tt

(
ψα(x)ψ†β(x

′
)
)〉

,

Ḡα,β(x, x
′
) = −i

〈
Tt

(
ψ†α(x)ψβ(x

′
)
)〉

,

Fα,β(x, x
′
) = −i

〈
Tt

(
ψα(x)ψβ(x

′
)
)〉

,

F̄α,β(x, x
′
) = −i

〈
Tt

(
ψ†α(x)ψ†β(x

′
)
)〉

.

(3.5)

The ψα/β(x) and the ψ†α/β(x) are the electron creation and annihilation
operators respectively for a state of spin axis α or β at coordinate x = (r, t)
and Tt is the time ordering operator. The single particle Green’s functions
represent the motion of a particle from x→ x

′ whilst the anomalous Green’s
functions describe the coherent transport of correlated particle pairs which is

32With reference made to the following sources: [60, 131–135].
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required for Cooper pair transport. Since the anomalous Green’s functions
describe the behaviour of the Cooper pairs they also give access to the
order parameter of the system, ∆, which in the case of a conventional s-
wave superconductor will only have elements involving electrons of opposite
spin.

Equation 3.5 shows the real-time Green’s functions though it is often
convenient to work in terms of imaginary time in the Matsubara formalism.
This involves a change of time coordinate t→ τ = it which transforms the
time ordering operator Tt → Tτ and results in the Green’s functions only
be defined over some finite time window −h̄

kBT
< (τ − τ

′
) < h̄

kBT
. Within

this formalism for a steady state problem it then becomes convenient to
Fourier transform the Green’s functions such that they are non-zero only
for a discrete set of frequencies up to some cut-off defined by ωDebye. These
are the so-called Matsubara frequencies, ωn, shown in equation 3.6 where n
is some integer.

h̄ωn = (2n+ 1)πkBT (3.6)

Note that as T → 0 then (τ − τ ′) → ∞ and the discrete set of Matsubara
frequencies becomes a continuum. The Matsubara formalism is compu-
tationally advantageous at finite temperatures where less frequencies are
required to describe the system than in the real-time case. It can, however,
only be applied to equilibrium systems such as that considered here where
the goal is to calculate the screening response of a supercurrent.

It is often useful to write the Green’s functions in spin space as 2 × 2

matrices whose elements represent all possible spin combinations as shown
in equation 3.7

Ĝ(x, x
′
) =

(
G↑↑(x, x

′
) G↑↓(x, x

′
)

G↓↑(x, x
′
) G↓↓(x, x

′
)

)
,

ˆ̄G(x, x
′
) =

(
Ḡ↑↑(x, x

′
) Ḡ↑↓(x, x

′
)

Ḡ↓↑(x, x
′
) Ḡ↓↓(x, x

′
)

)
,

F̂ (x, x
′
) =

(
F↑↑(x, x

′
) F↑↓(x, x

′
)

F↓↑(x, x
′
) F↓↓(x, x

′
)

)
,

ˆ̄F (x, x
′
) =

(
F̄↑↑(x, x

′
) F̄↑↓(x, x

′
)

F̄↓↑(x, x
′
) F̄↓↓(x, x

′
)

)
,

(3.7)
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where the ↑ and ↓ subscripts indicate the spin direction. In the case of a
superconducting system it is then convenient to go one step further and
transform to the Nambu ⊗ spin space. This allows the Green’s functions to
be written as the single 4× 4 matrix shown in equation 3.8

Ǧ(x, x
′
) =

(
Ĝ(x, x

′
) F̂ (x, x

′
)

ˆ̄F (x, x
′
) ˆ̄G(x, x

′
)

)

with particle-hole convention:

(
ψψ† ψψ

ψ†ψ† ψ†ψ

)
.

(3.8)

It is this final representation shown in equation 3.8 that is used when solving
the Usadel equation [136].

Seeing as these thin film systems are in the dirty limit, that is to say
the coherence length is much longer than the mean free path, the system
Green’s functions will obey the Usadel equation which can be written as
shown in equation 3.9 (see for example [137]).

ih̄D∂x
(
Ǧ∂xǦ

)
=
[
Ȟ, Ǧ

]
(3.9)

The coordinate system has been defined such that the x-axis is normal to
the surface of the sample and all interfaces lie within the y-z plane in which
translational invariance is assumed. A schematic diagram of this coordinate
system is shown in figure 3.7.

x

z

y

Bz(x)

Figure 3.7: A sketch of the coordinate system used in the calculations. The
x-axis is normal to the surface of the sample and all interfaces lie within the
y-z plane in which translational invariance is assumed. The applied field is
directed along z and screened along the x direction.
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Equation 3.9 is defined within the Nambu ⊗ spin space as discussed above
and D is the diffusion constant describing transport within the dirty system.
The form of the Hamiltonian, Ȟ, depends on the system under considera-
tion. In this case, to include the effects of a thin ferromagnetic layer with
a homogeneous exchange field along z, Jz, Ȟ can be written as shown in
equation 3.10.

Ȟ = ih̄ωn (τ3 ⊗ σ0) + ∆̌− Jzτ0 ⊗ σ3 (3.10)

The σi and τj are the usual Pauli matrices for the spin and Nambu space
respectively and ∆̌ is the superconducting gap function, or order parameter,
expressed within the Nambu space. This system of equations must then
be solved33 such that the order parameter obeys the self-consistent gap
equation given in equation 3.11.

i∆(x) =
πkBT

ln
(

T
Tc0

)
+
∑

n

(
1

|2n+1|

)∑
ωn

F↑↓(x, ωn) (3.11)

∆(x) is the spatial profile of the gap across the sample and Tc0 is the super-
conducting transition temperature of the bulk. Once this has been solved
one has knowledge of the system Green’s functions and can therefore cal-
culate the response of the system to a small externally applied magnetic
field.

As shown in figure 3.7, the applied field is directed along the z-axis and
the screening response occurs along the x-direction. This coordinate system
is chosen to be consistent with the results of the LEµSR measurements and
allows for direct comparison to experiment. In order to determine the spatial
flux profile one has to find the vector potential. According to linear response
theory the screening current density, jy, that develops in response to the
presence of a vector potential, Ay is given by equation 3.12 [139].

jy = −N0e
2D

h̄
AyπkBT

∑
ωn

<
(
F↑↓F̄↓↑ + F↓↑F̄↑↓

)
(3.12)

N0 is the density of states near the Fermi level and
∑

ωn
<
(
F↑↓F̄↓↑ + F↓↑F̄↑↓

)
is the sum of the real parts of the opposite spin terms of the anoma-

33This is solved using the interface boundary conditions as formulated by Nazarov in
reference [138],
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lous Green’s functions. In addition, from Maxwell’s equations µ0J = ∇ ×
(∇×A) and so by combining these two expressions is it possible to solve
for the vector potential and thus, since B = ∇×A, the magnetic flux profile
can be determined.

In order to make a direct comparison between the calculated and exper-
imentally derived flux profiles the model system’s material parameters need
to be tuned to match the measured sample. A useful strategy is to first cal-
culate the flux expulsion for a single niobium layer. Since the values of Tc0
and ξGL are known only the niobium density of states is left as a free param-
eter. This can be used to tune the calculated profile such that it matches
the corresponding BS(x) extracted from LEµSR measurements. For sample
S(I) the known values are Tc0 = 8.5 K and ξGL = π

2

√
h̄D

2πkBTco
≈ 10 nm which

gives a resulting Nb density of states N0 = 4.0×1028 m−3. This value of N0

can then be used as input for the corresponding bilayer NS(I) modelling.
In order to determine the interface resistances the boundary conditions are
tuned to predict the measured value of the bilayer Tc. This results in inter-
face resistances of the order of µΩcm, where the transparency is set to unity,
and a copper density of states 1.2× 1028 m−3. Since the diffusion constant
in the copper can be written D = vF lCu

3
, where vF = 1.57 × 106 ms−1 is

the Fermi velocity of copper [140], a value for the copper mean free path
can be extracted and for NS(I) was found to be lCu = 22 nm which is very
close to the experimentally determined value of 20 nm measured via the
Van der Pauw method for sample Set II. Whilst this set of parameters best
describes our experimental system it is also possible to use the copper mean
free path as a means to tune through different transport regimes and to see
what effect this will have on the screening response.

The results of these calculations are shown, alongside the experimen-
tal data, in figure 3.8. The set of curves labelled 1 − 5 show the cal-
culated flux profiles for corresponding copper mean free path values of
lCu = (5, 11, 16, 22, 34) nm. The results show that the amplitude of the
screening response across the full bilayer depends very strongly on the ma-
terial parameters of the copper. For the shortest mean free path tested,
curve 1, the resultant flux profile is almost identical to the London profile
found experimentally for S(I) but with a small additional tail extending
into the normal metal. The diffusion of the Cooper pairs into the copper is
strongly suppressed where the mean free path is short but as the value of
lCu is increased pairs are allowed to better diffuse into the normal metal.
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Figure 3.8: Calculated flux profiles for a Cu(40)Nb(50) bilayer sample
with material parameters fixed to those of NS(I). Curves 1-5 correspond
to different values of the Cu mean free path lCu = (5, 11, 16, 22, 34) nm.
The grey dashed line represents the profile calculated for a 90 nm film of
Set I quality Nb for comparison with the NS(I) data plotted as the blue
points. Curve 5∗ shows the result of adding a thin cobalt layer to form a
Cu(40)/Nb(50)/Co(2.4) trilayer sample where lCu = 34 nm.

and their ability to screen consequently increases. This continues until even-
tually the pairs within the copper layer expel flux more efficiently than an
equivalent thickness of bare Nb. This is represented by the dashed line
which shows the calculated flux profile for a 90 nm thick film of Nb(I).
Interestingly, the average flux values derived from LEµSR measurements,
represented by the blue data points, appear to sit at the crossover point
between niobium and copper dominated screening.

The results presented in figure 3.8 have interesting consequences for how
best to approach modelling the LEµSR data. Whilst a numerical form for
the flux profile has been successfully determined, and could in principle be
imposed upon the measured flux averages, for the combination of sample
material parameters found within these sputtered thin films it turns out
the resultant profile is highly symmetric. In this case, where the bilayer
is as effective at screening as an equivalent thickness of niobium, a simple
extension of the London model can be implemented whereby rather than
being confined to the superconductor the profile extends over the full bilayer
thickness, dNS. This is clearly an approximation but has the benefit of
providing a simple description with fewer fit parameters.
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3.4.3 NSF trilayer results and modelling discrepancy

The final objective of this chapter is to address what happens to the Meiss-
ner screening profile after the addition of a thin ferromagnetic layer is made
to the underside of the bilayer section. It would be expected that, due
to the presence of the ferromagnetic exchange field, the superconducting
gap would be reduced within the region close to the SF interface, weaken-
ing the superconductivity and reducing the total number of screening pairs
present within the system. Additionally, the exchange field opens up the
possibility of generating odd-frequency pairs which are known to produce
a paramagnetic screening response. The net result would be a reduction
in the overall flux expulsion with a bias to a loss in amplitude towards the
ferromagnetic layer. These expectations are recovered by calculations, the
results of which are shown alongside the NS(I) profiles in figure 3.8. Curve
5∗ represents the effect of adding the thin Co(2.4) layer to the underside
of the bilayer sample corresponding to curve 5. Additional parameters are
required to describe the cobalt layer. The exchange field, Jz, was taken to
be 321 meV (see for example [141]) and the coherence length within the
ferromagnet ξF =

√
h̄DF
JZ

= 1 nm (see for example [8]). A clear reduction in
the overall flux expulsion is visible and most pronounced within the niobium
layer as reasoned above. As will become immediately obvious, however, the
LEµSR measurements on NSF(I) and NSF(II) highlight a surprising discrep-
ancy between the quasiclassical theory calculations and the extracted flux
averages. Whereas the theory predicts a decisive reduction flux expulsion
the measurements show a substantial increase approximately corresponding
to a further 50% increase when compared with the corresponding bilayer
sample.

The results of the LEµSR measurements on NSF(I) and NSF(II) are
shown, with S(II) and NS(II) as grey lines for reference, in figure 3.9. The
stopping profiles in the top panel of figure 3.9c) are largely consistent with
those of the bilayer but where before sampling the substrate a fraction of
muons for Eµ ≥ 20 keV will stop within the Co layer. These muons will be
immediately depolarised but represent a relatively small fraction of the those
stopping within the sample. More importantly, the stray fields generated
by the ferromagnetic layer will cause an increase in the depolarisation rate
which will extend across most of the bilayer section. The result being a
more strongly damped total signal and larger error bars in the extracted
field values especially for average depths close to the cobalt.
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Figure 3.9: LEµSR results on the CuNbCo trilayer samples. a) Example raw
LE-µSR data. NL and NR are the left and right detector data respectively
and the grey lines are fits to the data. The spectra shown are for NSF(II)
measured at Eµ = 4 keV and T = 2.5 K. b) Depolarisation rate as a
function of 〈x〉 above and below Tc for NSF(II). The position of the Co layer
is marked in green. c) Top panel: muon stopping profiles for several selected
implantation energies with the lines indicating the corresponding average
sampling depth. Bottom panel: Average field as a function of average depth.
Open (closed) data points correspond to normal (superconducting) state
measurements taken at 10 K (2.5 K). The lines are a guide to the eye. The
best fit field profiles for S(II) and NS(II) are shown in grey for reference.

Figure 3.9a) shows an example raw spectrum measured for NSF(II) at a
muon energy of Eµ = 4 keV and a temperature of T = 2.5 K. As before, the
two detector signals are plotted separately with their associated fits shown
as solid grey lines. Whilst there is no clear difference in the damping rate
visible in the raw data at this energy when compared with the bilayer data in
figure 3.6a) this data corresponds to a probing energy that focuses far from
the Co layer. The reader is referred to appendix C for a comparison of the
raw signal for different probing energies. The effect of the stray field from
the cobalt layer is clearly visible, however, in figure 3.9b) which presents how
λ changes as a function of the average probing depth for NSF(II). In the
average values found both in the normal (red points) and superconducting
(blue points) states the value of λ rises as the probing depth approaches the
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Co layer (marked in green). This can be modelled, using an exponential
profile as discussed in section 2.1.6, the result of which is plotted in each
case as the solid line of corresponding colour. A good correspondence can be
seen, particularly for the normal state data, between the model profile and
the results of the average fitting. The extracted fit parameters of the model
profile, an amplitude (λ0) and decay length (ξλ), are shown in table 3.4
for both NSF(I) and NSF(II). The values of both λ0 and ξλ are consistent
across the two sample sets which would be expected since the procedure of
cobalt growth was the same for each sample series. The decay length of
around 15 nm suggests that the effects of the stray field are largely confined
to a region of the niobium within 20 nm of the cobalt layer.

Table 3.4: Table of extracted depolarisation amplitudes and decay lengths
for NSF(I) and NSF(II)

sample λ0 ±∆λ0 ξλ ±∆ξλ
MHz MHz nm nm

NSF(I) 3.2 0.1 13 1.5
NSF(II) 3.4 0.1 14 2.0

The flux averages extracted using the conventional approach to the muon
data analysis are presented in the bottom panel of figure 3.9c). As always
the normal state measurements have simply recovered the applied field.
Upon cooling to below the superconducting transition a flux lowering is
once again observed across all measured energies. Surprisingly this is in
fact enhanced when compared with the screening amplitude of the respec-
tive bilayer. This rather interestingly is in direct opposition to the theoret-
ical calculations presented in figure 3.8.

A crude comparison of the data for NS(II) and NSF(II) is presented
in figure 3.10. This plot simply shows the point-by-point difference in the
Meissner screening amplitudes as a function of the average probing depth.
These amplitudes are calculated for each sample by taking the difference be-
tween the corresponding normal and superconducting state measurements
presented in figure 3.9. The results presented in figure 3.10 clearly show the
difference is largest within the region close to the SF interface and tapers
off with distance towards the surface.
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Figure 3.10: The data points represent the point-by-point difference in the
average flux lowering between NS(II) and NSF(II) plotted as a function of
the average probing depth. Here Y represents either Si or Co(2.4)/Nb(3)/Si
depending on the sample. The vertical dashed line represents the interface
and the dashed profile is a guide to the eye indicating how the additional
amplitude might role off spatially.

At the very highest probing energy, Eµ = 23 keV , care needs to be taken not
to over-interpret the slight uptick in the data. This is because the stopping
profile for the NSF structure begins to appreciably probe the cobalt layer
which will effect the validity of taking a direct difference in amplitude to the
NS sample. The top panel of figure 3.10 presents the stopping profiles for
reference. At an energy of Eµ = 20 keV there is only a small tail extending
beyond the bilayer section but for higher energies this fraction will increase
and may begin to substantially effect the simple comparison being made
since the spatial information is no longer the same.

Whilst highly simplified this method of comparison is nevertheless useful
in providing some information as to the origin of the observed discrepancy
between theory and experiment. Whatever the underlying effect, it appears
to have its origins at the SF interface and extends across the sample decay-
ing in amplitude as it goes. The lengthscale over which the additional com-
ponent decays is much greater than the superconducting coherence length
which suggests that the measured response cannot be associated with the
inverse proximity effect due to spin polarised pairs existing close to the S/F
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interface. In addition, whilst the stray fields originating from the cobalt
layer extend across the full NS section there is no evidence for any asso-
ciated influence on the behaviour of the sample in the normal state. This
strongly suggests that stray field does not play a role in generating the
additional component to the screening.34

3.4.4 Temperature and field dependence

As discussed in section 2.1 instead of varying the muon energy one can sit
at a fixed position within the sample and change the temperature or applied
field. In order to further investigate the anomalous flux expulsion within
the NSF samples both temperature and field dependent measurements were
taken. The results of these are presented in figure 3.11.
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Figure 3.11: Temperature and field dependence of the LEµSR response. a)
shows a schematic of the sample structure with the average probing position
for each measurement indicated. b) The extracted 〈B〉 as a function of
temperature are plotted as points for each of S(II), NS(II) and NSF(II). The
solid lines represent the model responses calculated using the quasiclassical
framework with all parameters determined from the S and NS modelling.
c) flux lowering amplitude, δB = 〈B2.5K〉 − 〈B10K〉, as a function of the
applied field for sample NSF(I). The circled points highlight the results
where the fitting becomes challenging. For lower applied field the error bars
are therefore larger but still smaller than the symbol size.

34Indeed subsequent measurements, presented within chapter 5, on samples with in-
sulating oxide barriers show unambiguously that the stray field is not the origin of the
measured effect.
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Figure 3.11a) shows a schematic of the general sample structure. The green
arrows in each case indicate the average probing position of the LEµSR
measurements. The results of the temperature scans are shown in figure
3.11b) where the plotted points represent the extracted 〈B〉 values and the
solid lines show the quasiclassical calculations where all of the model param-
eters were fixed to experimentally determined values. For all the measured
samples it is clear that the flux expulsion begins to develop for tempera-
tures T < Tc. This can be seen in more detail within appendix D where
the LEµSR data is shown alongside the corresponding transport Tc for each
measured sample. In the case of S(II) and NS(II) the expected screening
response with temperature was calculated, within the quasiclassical frame-
work, and corresponds very closely with the experimental data. The mea-
surements on NSF(II) could not be modelled in this way since it has already
been shown that the quasiclassical description is not sufficient to describe
the physics of this system. It is clear, however, that the screening response
appears to increase linearly with decreasing temperature down to the base
temperature of the system and shows no sign of levelling off. Figure 3.11c)
presents the results of the field scan which was measured on sample NSF(II)
at an average probing position as labelled by HNSF (I). The plotted points
show the flux lowering amplitude, δB = 〈B2.5K〉 − 〈B10K〉, as a function of
the applied field. The results strongly suggest a linear dependence down to
an applied field of 20 G and the data looks to extrapolate to δB(0) = 0 G.
It is important to note, however, that transverse field µSR measurements
become challenging for low applied field, see appendix E, since the spectra
become more difficult to fit with certainty. Caution is therefore required
when interpreting the circled data points. A more thorough investigation
at zero field and in a different geometry would be necessary before any firm
conclusions could be drawn regarding the zero field behaviour.

3.5 Discussion of the results on simple S, NS and NSF

thin films

Whilst the results for the S and NS samples, that the flux expulsion of
a mesoscopic superconductor can be greatly enhanced via proximity to a
normal metal, may be surprising they can be very successfully modelled
within the quasiclassical theory framework for dirty superconductors. Both
the enhancement to the Meissner screening profile and the temperature
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dependence of the LEµSR response observed in experiment are highly con-
sistent with the quasiclassical modelling where the parameters are fixed to
values derived from the transport and muon measurements on these thin
film systems. The NS sample structures appeared to be in a regime of
behaviour where the bilayer screening response was equivalent to the cor-
responding thickness of bare niobium. This has important implications for
the future modelling of LEµSR measurements on these systems where a
London-like approximate profile can be imposed across the full bilayer. An
approach which has the advantage of simplicity whilst still largely captur-
ing the physics of the system. Within the following experimental chapters
this approach has been applied to the data with great success allowing
a more detailed quantitative analysis of the spatial data to be carried out.
Whilst the NS proximity phenomena modelled within this section have been
known about for some time, and probed via experiments on normal-metal
clad superconducting wires [111–113], these measurements mark the first
direct observation of the resultant spatial flux profile which shows excellent
agreement with theory.

Extension of the quasiclassical theory modelling to include the effects of
a ferromagnetic exchange field found a reduction in the flux expulsion which
was associated with pair breaking effects. This, however, was not reflected in
the total amplitude of the LEµSR experiments carried out on the NSF thin
films where an anomalous enhancement was instead observed. This suggests
that the quasiclassical theory description of these SF systems, and thus the
model used to describe the experiments, is missing an important element.
The linear response of the total trilayer amplitude with applied field is
reminiscent of standard Meissner screening and suggests an orbital origin
for the additional amplitude. The linear temperature dependence, on the
other hand, does not immediately support this since a Meissner screening
response to an applied field should be related to the pair density which does
not develop linearly with temperature.35 Unfortunately, the transverse field
LEµSR measurements cannot distinguish between orbital and spin related
phenomena since the probe is only sensitive the local flux. From these
measurements alone, therefore, it is impossible to determine whether the
anomalous amplitude is due to a screening current or, for example, a net
magnetisation attributed to aligned spins within the system.

35The difference in the temperature dependence of NS(II) and NSF(II) suggests the
additional effect increases linearly with decreasing temperature down to the lowest mea-
sured temperatures.
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3.6 Conclusions and the electromagnetic proximity ef-

fect

In summary, low energy muon spin rotation has been used to observe the
spatial distribution of magnetic flux within simple S, NS and NSF thin
film structures. The measured samples belonged to two different growth
series, sets I and II, each corresponding to a different growth quality of
niobium. In the Nb(50) films a weak Meissner response was observed,
(0.3 − 1)% of B0, the amplitude of which was dependent on the niobium
purity. Through modelling the spatial profile using the London theory, the
penetration depths were determined to be 270 nm and 160 nm for S(I) and
S(II) respectively. In the case of the Cu(40)/Nb(50) samples a significant
increase in the flux expulsion was observed which extends across the full
spatial extent of the bilayer. This effect could be successfully modelled and
understood within the quasiclassical framework for dirty superconductors
where many of the model parameters could be fixed to experimentally de-
termined values. For the Cu(40)/Nb(50)/Co(2.4) thin films, in each case a
further enhancement to the flux expulsion was observed. This was found to
be inexplicable within the quasiclassical theory which instead would predict
a reduction in the screening due to the pair breaking effects of the exchange
field. Understanding the origins of this anomalous behaviour is vital since
it represents a form of cooperation between ferromagnetism and supercon-
ductivity, where in the presence of the exchange field the properties of the
superconductor appear to be enhanced, which is of fundamental importance
to developing superconducting spintronics.

Following the publication of the results presented within this chapter
[60], and other experimental results [39, 82], a flurry of theoretical papers
have been published [40–42]. The focus of this theoretical work has been
to describe the underlying mechanism through which the superconductivity
is apparently cooperating with the ferromagnetism. In this new body of
work a hitherto unknown type of proximity, the so-called electromagnetic
proximity effect, has been described for the first time. Within the next
chapter the results of analysing the LEµSR measurements within this new
picture are presented.
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4 | The electromagnetic proxim-
ity effect in SF thin film struc-
tures

The content of the present chapter largely comprises material published
in [84]. This work takes the anomalous LEµSR results on the NSF thin
film samples, discussed in chapter 3 and published in reference [60], and
seeks to model them within the new theory of electromagnetic proximity.
This presents an opportunity to test the new theory and to potentially
understand the physical origins of the anomalous effect observed in [60]. In
order to test the new theory one is required to demonstrate that the effect
originates at the S/F interface, rolls off exponentially over a lengthscale
dictated by the London penetration depth and is of a sign dependent on
the orientation of the magnetisation of the F layer. To that end a series of
experiments have been performed to test these three aspects of the theory
within the context of our LEµSR measurements. The study comprises the
following parts:

i) In the first part of the chapter the LEµSR data on the NSF(I) and
NSF(II) thin films is re-analysed within the EM theory model. This
involves imposing a slightly modified flux profile as will be discussed
within section 4.3.1. In doing so, it is clear that the spatial dependence
and lengthscale of the anomalous enhancement is well described by the
EM theory.

ii) Whilst item i) provides evidence to support the origin of the anomalous
enhancement being the S/F interface, in order to gain more resolution
within this region of the sample an “upside down” trilayer structure is
measured and modelled in the same way. The profile from part i) can
be recycled and used to describe, to excellent accuracy, the results on
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the upside down structure. This strengthens the conclusion that the
S/F interface region is the spatial origin for the enhancement.

iii) In the final segment of this chapter the focus is on whether or not the
sign of the amplitude depends on the orientation of the magnetisation
of the ferromagnet. In order to investigate this, LEµSR measurements
were performed on a pseudo spin valve structure where the relative
orientation of two ferromagnetic layers can be manipulated using an
externally applied magnetic field. A change in the signal amplitude is
observed as the two layers are rotated from a parallel to an antipar-
allel state. This provides a clear indication that the magnetisation is
directly effecting the amplitude of the observed signal.

The results presented within the three parts of this chapter indicate that the
newly described electromagnetic proximity effect is indeed a valid descrip-
tion of the anomalous enhancement observed in [60] and may, therefore, also
be responsible for describing the behaviour observed in [39]. It is important
to note that whilst the results presented here provide evidence for the ob-
served enhancement being due to an additional source of vector potential
at the S/F interface it cannot be definitively concluded from these results
alone that the only source is the magnetisation of the F layer. There may,
for example, be other contributions from spin-orbit or Rashba type effects
at the interface which here cannot be distinguished.

4.1 Introduction

The interaction between superconductivity and ferromagnetism can be char-
acterised by the competition between the superconducting gap, ∆, and the
exchange energy, Eex, of the ferromagnet. Within carefully engineered S/F
thin films this has interesting consequences on the type of superconductivity
present within the system. Ordinarily, the Cooper pairs within the super-
conductor are comprised of electrons with opposite spin and linear momenta
but the ferromagnetic exchange field acts to align spins. The net result is
a conversion of a fraction of the pairs from the conventional singlet state
to an s-wave triplet state with odd frequency character. This has many
repercussions for the behaviour of the superconductivity within the system
and notably, especially within the context of the LEµSR measurements used
here to probe these systems, the response of the condensate to an applied
external field can be substantially altered from the conventional Meissner
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effect. Within the last chapter, an anomalous enhancement to the screening
observed within NSF thin films, when compared with their NS counterparts
of corresponding niobium purity, was reported. This was surprising since
the quasiclassical calculations suggested a reduction in the screening ampli-
tude, due to the pair breaking effects of Eex strongly suppressing ∆ near
the S/F interface, ought to be observed instead. From these experiments,
and others [39, 82, 85], it was concluded there was a vital element missing
within the theory of S/F proximity systems. In an effort to fill this gap
a new theory of electromagnetic proximity within S/F systems has since
been developed which describes the leakage of a magnetisation from the
ferromagnetic layer into the superconductor via the interaction of the con-
densate with the vector potential at the S/F interface.

Within this chapter the results of analysing the NSF trilayer data using
the new theoretical perspective are discussed. In addition, a series of further
LEµSR measurements which seek to test the main aspects of the new EM
theory model will be presented. These involve probing the lengthscale,
origin and magnetisation dependence of the anomalous trilayer enhancement
by measuring a range of S/F hybrid structures using TF LEµSR.

4.2 Electromagnetic proximity

Before presenting the results of the LEµSR study a short synopsis of the
new electromagnetic proximity theory, and how it relates to the direct and
inverse proximity effects, is included for reference. The development of
this theory provides a recent example of how theory and experiment can
work well together to discover an entirely new and hitherto unknown ef-
fect. During the course of a single year a series of landmark theory papers
have been published [40–42] in response to puzzling experimental results
[39, 60, 82, 85]. The net result is a completely new understanding of S/F
proximity systems which will prove to be crucial in further development of
related technologies.

4.2.1 EM proximity phenomena within SF systems

When a superconductor is in direct contact with a ferromagnet, and elec-
tronic transport occurs across the interface between the two, unconventional
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superconducting states are generated. The mixing of the S and F orders
involved in direct proximity is well understood and results in a number
of interesting transport phenomena. These include, oscillations in critical
temperature Tc (see for example [7–12]) and critical current (for example
[13–16]), π phase shifts [17–20], colossal Tc suppression [21] and long range
triplet supercurrents [22–29], and all rely on the conversion of some conven-
tional singlet pairs into the odd-frequency s-wave triplet state. In addition
to the direct proximity at the S/F interface the inverse proximity effect,
which describes how through the transfer of spin polarised Cooper pairs
across the interface the superconductor acquires a small net magnetisation,
has been predicted [33–35] and until recently was thought to be the only
mechanism through which a magnetisation could be transferred from the
ferromagnet into the superconductor. This effect occurs over a lengthscale
governed by the superconducting coherence length, ξs, which is typically
only of the order of 10 nm. In more recent times, a series of puzzling ex-
perimental observations, made using neutron scattering [82, 85] and µSR
[39, 60], as discussed within the previous chapter, have been published.
These papers reported the long range transfer of a magnetisation to the su-
perconductor which occurred over lengthscales far exceeding any coherence
length phenomena and which therefore could not, at the time of publica-
tion, be explained within the existing body of theory. These results have
motivated the development of the new theory of electromagnetic proximity
[40–42].

In essence, the electromagnetic (EM) proximity effect describes how the
interaction of a superconductor with the vector potential of a ferromagnetic
layer influences its screening response. In the initial theory work the au-
thors consider a simple S/F bilayer system and show that coupled to the di-
rect proximity effect there is an additional electromagnetic component [40].
Within such a system, whenever transfer of electrons from S to F is allowed
there will immediately be, as described in section 1, electron pair correla-
tions induced within the ferromagnet. Since the ferromagnetic layer has a
vector potential associated with its magnetisation, a screening current must
then be induced in response over a lengthscale λL into the superconductor.
This occurs as a consequence of the full system (superconducting layer and
S/F interface) being described by a common superconducting wavefunction
[40]. Since the lengthscale over which the condensate responds to this vector
potential is governed by λL, where for a dirty system λL � ξs, this picture
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provides a natural framework in which to interpret the experimentally ob-
served long range effects referenced previously. It is crucial to note that
direct electronic contact between S and F is required to generate this ef-
fect because there must be superconducting currents inside the ferromagnet
which experience its vector potential and consequently induce the screening
response.

The new electromagnetic proximity mechanism is thus responsible for a
modification to the orbital screening profile across the superconductor even
in zero field. The spatial form of the induced response within the super-
conductor due to the EM proximity component is given by the expression
shown in equation 4.1 [40]

Bz(x) = AEM exp ((x− dS)/λL) , (4.1)

where AEM is the strength of the EM proximity. The form given by equa-
tion 4.1 can be simply deduced using Maxwell’s equations and the London
relation though a more proper microscopic treatment using the Usadel for-
malism [136] has been shown to arrive at a consistent result [40, 41]. The
EM amplitude, AEM , is proportional to both the magnetisation of the fer-
romagnetic layer and to how the thickness of that layer compares with the
coherence length within it. It therefore follows naturally that these param-
eters will determine both the sign and magnitude of the resultant effect and
that consequently, depending on the material parameters of the system, the
EM proximity amplitude may be paramagnetic or diamagnetic. A simple
back-of-the-envelope estimate for a strong ferromagnet demonstrates that
AEM ≈ (10− 100) Oe which is easily comparable the anomalous screening
amplitudes discussed within section 3 [40].

Based on the discussion above it would be naively expected that in a
spin valve structure, such as those studied experimentally in reference [39],
the EM contribution would be maximised for a collinear arrangement of the
ferromagnetic layers. This is in fact the opposite of what has been exper-
imentally observed. In a detailed follow up work [41] the authors of the
theory address the specific case of how the EM proximity manifests within
these SFF spin valve structures and find, in fact, due to the appearance
of additional equal spin triplet correlations the EM component to be max-
imised in the case of the noncollinear arrangement which agrees with the
experimental results presented here.
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4.2.2 Testing EM proximity within SF thin films

The EM proximity effect describes the spread of a magnetisation out of the
ferromagnet and into the superconductor as a consequence of the conden-
sate feeling the vector potential at the S/F interface. The main predictions
of the EM proximity theory regarding the resultant modification of the spa-
tial flux profile across the sample are as follows:

1) There should be an amplitude, originating at the S/F interface, that
represents a non-zero offset in the flux profile when compared with the
standard Meissner screening which necessarily goes to zero at the S/F
and vacuum interfaces.

2) This amplitude should decay away exponentially over a lengthscale of
the London penetration depth, λL, which is typically much longer than
the superconducting coherence length, ξS.

3) The sign and magnitude of the EM amplitude should depend on the
thickness of the ferromagnetic layer and the direction of its magnetisa-
tion.

When one considers these consequences of EM proximity, it becomes clear
that LEµSR, being sensitive to the local flux, is the ideal choice of technique
with which to probe the theory and as previously demonstrated in chapter
3 has been used extensively to measure novel effects within these S/F thin
film systems.

4.3 Analysis of LEµSR measurements on SF thin films

within the EM theory model

Within this section the results of modelling the LEµSR measurements within
the new theory picture are presented. A good agreement between theory
and experiment is observed for a range of different hybrid structures. Each
of the different sample architectures allows a different aspect of the theory
to be probed. In what follows they will each be addressed individually as a
means to validate the new theory description.
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The measured samples, as discussed in the previous chapter, fall into two
different sets grown with differing niobium target purity. The analysis on
the S(I) and S(II) samples allowed corresponding λL values of 270 nm and
160 nm to be determined. All other S/F sample architectures presented
within this chapter fall into one of those two sets and will be compared
against the relevant S and NS control samples. Since the measurements
presented here were performed on samples from the same growth cycles cor-
responding to sets I and II from chapter 3 the reader is referred to sections
3.2 and 3.3 for information regarding the sample growth and characterisa-
tion respectively.

4.3.1 A new expected flux profile

In light of the results of the quasiclassical modelling presented in chapter 3
and the new theory of electromagnetic proximity, it is now possible to con-
struct a model profile which captures both the Meissner screening response
of the full bilayer section and the EM contribution originating at the S/F
interface. This latter contribution we know to arise as the result of sponta-
neous screening in response to the vector potential of the magnetisation of
the F layer. This generates a magnetic flux inside the superconductor over
a characteristic lengthscale given by the London penetration depth. The re-
sults of the LEµSR measurements on NSF thin film structures in an applied
external field will therefore represent the sum of these two contributions.
In this section the form of the total expected flux profile for our thin film
samples will be given such that in later sections it may be imposed upon
the data.

As previously discussed in chapter 3, the form of the Meissner screen-
ing profile for a superconductor with vacuum interfaces is given, within the
London theory picture, by equation 3.4. The analysis on thin film niobium
samples presented in the previous chapter demonstrated that this form pro-
vides an appropriate description of the behaviour of the systems studied.
The results of the LEµSR measurements on the NS bilayer systems and
the corresponding quasiclassical modelling illustrated that for the specific
combination of sample material parameters within these measured systems
the screening profile extends across the full spatial extent of the bilayer in
a near symmetric fashion. As such, the Meissner part of the flux profile can
be modelled, to good approximation, using the form in equation 4.2
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BNS(x) = B0 cosh

(
x

λL
− dNS

2λL

)
cosh

(
dNS
2λL

)−1

, (4.2)

where as usual λL is the London penetration depth, which may now be
altered with respect to the original niobium thin film, and dNS is the full
thickness of the bilayer section. In order to describe the full profile for the
NSF trilayer samples the form of equation 4.2 is modified to account for the
EM proximity contribution which occurs at the S/F interface and decays
exponentially over a lengthscale governed by the London penetration depth
as shown in equation 4.3

BNSF (x) = BNS + AEM exp ((x− dNS)/λL) , (4.3)

Where AEM represents the strength of the electromagnetic proximity effect.

Figure 4.1 presents a plot of the full flux profile given by equation 4.3
that has been scaled to the usual applied LEµSR measurement field.
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Figure 4.1: A schematic of the full model screening profile, BNSF , decom-
posed into its Meissner (dashed line) and EM (shaded region) contributions.
The profile has been scaled to the applied measurement field.
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B0 is the externally applied magnetic field which is recovered in the normal
state measurements. BNSF is the full superconducting state profile which
is decomposed into its constituent parts: the Meissner screening of the NS
bilayer section (dashed line) and the EM contribution (shaded region) of
amplitude AEM . A simple direct comparison of the BNSF profile plotted
in figure 4.1 with the trilayer results in figure 3.9c) immediately shows the
new expected flux profile has the potential to describe the observations made
through experiment. In addition, if one refers back to figure 3.10, where the
difference in bilayer and trilayer signals was plotted as a function of the av-
erage probing depth, it is clear the proposed EM contribution could describe
the spatial dependence of the anomalous discrepancy, at least at first glance.

4.3.2 Modelling NSF(I) and NSF(II)-magnitude and spatial de-
pendence

Within this first section the LEµSR results on NS and NSF thin films from
the previous chapter are reanalysed. The new data analysis involves taking
a similar approach to that used in section 3.4.1 where a full spatial profile
was imposed on the measured averages. As discussed within section 4.3.1,
if one inspects the previously discussed results of the conventional analysis,
and considers the shape of the profiles hinted at by the average results, it
is clear the Meissner profile given by equation 4.2 is an appropriate choice
for the bilayer36 and that the addition of an EM term seems appropriate
to describe the observed discrepancy for the trilayer samples. This suggests
we ought to expect a good agreement between the new flux profiles and the
average results presented in the previous chapter. Here the profiles, given by
equations 4.2 and 4.3, are imposed on the measured flux averages in order
to investigate whether the origin and spatial dependence of the measured
effect is consistent with the EM theory.

Before the results are presented it is important to discuss how the profiles
were imposed on the data. It is of course true that an additional term, such
as the one in equation 4.3, will provide additional fit parameters and may
therefore provide an improved fit by virtue of an additional freedom within
the model. Importantly, in this case the new tuning parameter provides the
means to directly describe a new effect and so is physically justified. It is im-

36This is also clear from the results of the quasiclassical modelling as previously dis-
cussed in chapter 3
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portant to stress, therefore, that should the fit be improved, it is so because
the new model accounts for new underlying physics occurring at the S/F
interface and its resultant effect on the spatial flux profile. However, it is
still important to take a careful and consistent strategy when imposing the
profiles on the measured data. The approach taken here was to first fit the
Meissner profile to the bilayer sample for each of Sets I and II. In doing so a
value for λL, and a subsequent normal screening amplitude, was determined
for each niobium quality. The Meissner term of the full EM profile, given by
equation 4.3, could then be fixed to that form for the corresponding trilayer
samples such that the only tuning parameter for the NSF structures was
the strength of the EM proximity, AEM . This approach of course assumes
the effect of pair breaking on the screening profile is negligible.

Figure 4.2 shows the results of analysing the NS bilayer and NSF trilayer
samples using the new approach outlined above.
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Figure 4.2: The results of imposing the EM model on left: NSF(I) and right:
NSF(II). In each case the top panel presents some sample muon stopping
profiles with the vertical lines indicating the corresponding average probing
depths. For both sets, the normal (superconducting) state averages are
plotted in open (closed) symbols and the solid lines show the resultant best
fit profiles imposed on the data. B0 is the constant normal state profile
whilst BNS and BNSF are the data for the bilayer and trilayer respectively.
In each case the shaded region represents the EM proximity contribution of
amplitude AEM found from the fits.
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The results for sets I and II are shown in the left and right panel respec-
tively. In the top segment of each panel are plotted the usual sample stop-
ping profiles with the vertical lines indicating the average probing depths
for each energy. The solid lines in each of the bottom panels represent the
best fit profiles, B0, BNS and BNSF , found from imposing the analytical
form of B(x) on each measured data set as appropriate. All normal and
superconducting state averages, found from the conventional approach to
the analysis, are also plotted in open and closed symbols respectively for
comparison to the profiles. As always, the normal state measurements were
conducted at a temperature of T = 10 K and the superconducting state
was measured at T = 2.5 K. In the case of the normal state measurements,
as would be expected, the externally applied field is recovered which in each
case was set to approximately 300 Oe. For the two bilayer samples the ana-
lytical form shown in equation 4.2 was imposed on all data simultaneously
using λL as the tuning parameter. The best-fit λL for each bilayer would be
expected to be shorter than the corresponding values for the single niobium
layers, which were found to be (270± 5) nm and (160± 2) nm respectively,
since the copper boosts the screening response significantly. For sets I and
II the extracted values of the penetration depth were (240 ± 3) nm and
(140± 1) nm which when compared with the single niobium layers are in-
deed shorter. In each of the left and right panels a close correspondence
between the best fit profiles and the flux averages is evident across all en-
ergies for the bilayer samples showing the choice of flux profile is indeed an
appropriate one. The extension to the modelling of the trilayer data then
involved imposing equation 4.3, where the London term was fixed to the
corresponding bilayer result, on all the measurements for a given sample
simultaneously. The resultant best fit profiles correspond to EM proximity
amplitudes of AEM = (10.4 ± 0.5) G and AEM = (10.0 ± 0.2) G for sets I
and II respectively. The extracted average flux values reflect the same un-
derlying shape but with differing amplitudes due to the variable Nb quality.
For these trilayer samples the correspondence between the two methods of
analysis is not uniform across the full set of measurement energies. In par-
ticular, at the lowest and highest muon probing energies for each sample
the average result falls more rapidly towards zero than the spatial profile
would suggest. This reflects the simplicity of the imposed model with its
underlying assumption that the standard screening is symmetric. Neither
the possibility of pair breaking nor the effect of limited sample thickness on
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the decay of AEM is explored within the current model.

The results of modelling the trilayer profiles, BNSF , highlight some in-
teresting points for discussion. For both sample sets the extracted values of
AEM are within error or each other. This would be expected since the Co
layers are of equivalent thickness and were grown under the same conditions.
The only difference between the samples is the quality of the niobium layer.
As is evident from equation 4.3 this will have an effect on the lengthscale
over which the amplitude rolls off since this is given by λL. This is also vis-
ible in the data. When one considers the overall shape of the shaded region
for each sample set, much of the amplitude rolls off over the thickness of
the bilayer section in the case of NSF(II) but not for NSF(I) where the EM
contribution is largely flat. This is also visible in the marked asymmetry
in the profile for NSF(II) which resulted in a much easier and more reliable
fit since the EM contribution is very distinct from the symmetric Meissner
part. In the case of the higher purity niobium target the best fit profile is a
close match to the behaviour of the flux averages across most energies with
the exception of the point at Eµ = 4 keV . Here the model profile starts
to deviate from the average data which closely coincides with the Meissner
model of the bilayer. In order to investigate this in more detail it is possible
to impose the model function, equation 4.3, on each measured spectrum
independently such that a plot of the EM amplitude as a function of the
average probing depth can be determined. Figure 4.3 shows the result.

The plotted points in figure 4.3 represent the extracted values of AEM as
a function of the average probing depth. These values are the result of find-
ing the best fit of equation 4.3 individually for each measurement energy.
The dashed line indicates the value of AEM found when all measurement
energies were fitted simultaneously. Two things become apparent when one
considers the results of this energy dependent analysis. Firstly, when AEM
is treated as a free parameter for each probing energy individually it is clear
that towards the surface region of the sample the EM amplitude is rolling
off much more rapidly than expected. Indeed for Eµ = 4 keV , the point
corresponding to the smallest average probing depth, there is almost no EM
contribution remaining whilst for all other measured energies the value of
AEM sits within the range (−10 ± 2) G. Secondly, there appears to be a
reduction in the extracted amplitude for the higher probing energies when
compared with those primarily sampling far away from the ferromagnetic
layer. It seems likely this is due to the effects of pair breaking at the S/F in-
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Figure 4.3: A plot of AEM as a function of the average probing depth. The
plotted points show the extracted values of AEM from the fit made to each
probing energy individually. The dashed line indicates the best fit AEM
from the analysis which imposed the profile on all energies simultaneously.
The shaded region represents the possible effect of pair breaking.

terface.37 In the implementation of the model used here, such pair breaking
effects would manifest as a reduction in the amplitude of AEM for sampling
energies which probe close to the interface region since the Meissner con-
tribution is fixed to the bilayer response. This trend is indicated by the
highlighted region in figure 4.3.

The sizeable diamagnetic amplitude, with an origin seemingly localised
to the S/F interface, and the decay lengthscale being consistent with the
field penetration depth rather than any coherence length provides good ini-
tial evidence for the EM proximity theory. Unfortunately, seeing as the
thickness of the bilayer section of the measured samples is less than the
respective value of λL it is not possible to conclude with complete certainty
that the amplitude rolls off over λL. Indeed the theory is for a system where
dS � λL and so it is not known how the bilayer thickness will limit the EM
proximity effect. From the results presented in figure 4.3 it appears, how-
ever, that the model is an excellent description for all energies except 4 keV

which suggests the EM component rapidly goes to zero near the vacuum
interface where dNS < λL. Further experimental evidence for this is shown
in appendix F where some data on gold capped samples is presented. The

37This hypothesis is tested further within chapter 5.
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thickness of the measured NSF samples is somewhat limited by the need
to probe the physics close to the S/F interface. The incoming muons are
of energies within the range (4 − 24) keV which corresponds to probing
depths of up to 100 nm. If the combined thickness of the copper and the
niobium is too great then the muons cannot reach the S/F interface region.
Additionally, as the muon energy increases the stopping profile spreads out
which results in a lower spatial resolution. In light of this, within the next
section the results of measurements on a reversed trilayer structure, where
the S/F interface region is probed in more detail, are presented.

4.3.3 Reversed trilayer sample: the Nb/Co interface in more
detail

In order to investigate the S/F interface in more detail a reversed tri-
layer sample was grown and measured in the same way as the standard
layout. This sample was grown using the lower purity niobium target,
with a known penetration depth of λL = 270 nm for a single Nb(50)
layer, in the same vacuum cycle as NSF(I) which is therefore the rele-
vant sample for comparison. The full sample structure was as follows:
Cu(40)/Co(2.4)/Nb(50)/Cu(40)/Si, where the bracketed numbers indicate
the layer thicknesses in nanometers. The top copper layer acts both as a
protective cap and ensures the muons are slowed down and stop predomi-
nantly within the S/F interface region. When the muons are incident on this
sample layout they first encounter the copper capped cobalt layer, rather
than the bilayer section of the sample, and can therefore probe the S/F
interface with a greater precision since the stopping profiles are sharper
for lower probing energies. Due to the finite sampling width of each stop-
ping profile it is not possible to probe the interface region with complete
certainty but by scanning the incoming muon energy an effective spatial
resolution of (10− 20) nm can be achieved. The results of the energy scan
on the reversed trilayer structure are presented in figure 4.4. In the top
panel are shown the stopping profiles for the reversed trilayer which look
quite different from those for the standard layout. For each sampled energy
the vertical lines indicate the corresponding average stopping position. At
energies Eµ ≤ 5 keV all of the muons stop within the copper capping layer.
As the probing energy is increased the stopping profiles start to sample both
the interface region and the superconducting layer. The bottom panel of
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figure 4.4 presents the results of the LEµSR measurements on the inverted
trilayer structure along with a direct comparison to the best fit profile found
for the corresponding standard trilayer NSF(I). The data points represent
the extracted flux averages found from the conventional analysis. The open
symbols are for the T = 10 K normal state measurements, where the ap-
plied field B0 was once again recovered, and the closed symbols correspond
to the superconducting state measurements conducted at T = 2.5 K. At
the lowest sampled muon energy, Eµ = 5 keV , the superconducting and
normal state average flux values coincide with each other within error. This
suggests that little to no screening current manages to pass through the
cobalt layer into the copper cap.
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Figure 4.4: LEµSR results on the inverted trilayer. Top panel: stopping
profiles with the average probing depths indicated by vertical lines. Bottom
panel: results of imposing the best fit B(x) of NSF(I) on the reversed trilayer
data. The open (closed) symbols represent the flux averages measured in
the normal (superconducting) state. B0 is the applied field and B(x) is the
field profile found for NSF(I), the averages of which ,〈B(x)〉, match well the
reverse trilayer data. The shaded region shows the EM contribution.
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This would be expected since the coherence length of the pairs within the
strongly ferromagnetic Co layer is only of the order of a nanometer. As the
muon energy is increased and the stopping distributions start to sample the
S/F interface and superconducting layer a strong diamagnetic signal rapidly
develops before beginning to level off at the higher measured energies. In
order to compare these results with the NSF(I) standard trilayer sample a
direct comparison was made to its best fit form of equation 4.3. To achieve
this the best fit profile was inverted to match the new structure and the
applied measurement field adjusted to match the precise value used for the
measurements on the inverted trilayer. The resultant profile is plotted in
figure 4.4 and labelled as B(x). The shaded region represents the EM con-
tribution to this profile and the standard Meissner component is indicated
by the cosh form plotted across the bilayer section. It is difficult to tell sim-
ply by looking at the form of B(x) whether or not it describes the average
data well. It becomes much more apparent when one calculates, using equa-
tion 2.11 as described in section 2.1.7, the average of the full form of B(x)

sampled by the relevant stopping profiles p(x). The results of this analysis
are indicated by the green dashed line labelled 〈B(x)〉. For all measured
energies 〈B(x)〉 shows an excellent correspondence to the flux averages.

The analysis presented within figure 4.4 provides very strong evidence
for the EM theory description being at the very least a realistic descrip-
tion of the data. Simply by taking the best fit model B(x) found for the
NSF(I) standard trilayer sample, inverting the profile in x and adjusting the
value of B0 to match experiment, the data on the inverted sample can be
described to an excellent degree of accuracy. In this inverted structure the
S/F interface region is probed in more detail and the model still describes
the data extremely well. It is important to note, however, that due to the
finite width of the muon stopping profiles it is possible that the feature at
the S/F interface could be more smoothed out. For example, there could be
a rapid decay of the amplitude into the copper layer. This seems unlikely
given the lowest measured data point matching the applied field so well
but cannot be completely ruled out due to the limited spatial resolution of
(10−20) nm. It is clear, however, that the behaviour is highly distinct from
the standard Meissner response which goes to zero at the S/F interface and
which could therefore not describe the observed data points alone.
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4.3.4 Pseudo spin valve structures and the dependence on ori-
entation

The final aspect of the LEµSR observations to be tested within the context
of the EM theory is whether or not the flux lowering changes sign with the
magnetisation of the cobalt. In order to investigate this a pseudo spin valve
involving two ferromagnetic layers was developed. This involved taking the
usual trilayer layout and inserting a second thinner cobalt layer at the top
with an additional copper cap. The full structure, Cu(40)/Co(2)/Cu(40)/
Nb(50)/Co(2.4)/Nb(3)/Si, was grown as part of sample Set I. In making
the top cobalt layer thinner it is possible to switch between a parallel and
an antiparallel alignment of the exchange fields of the ferromagnetic layers
simply by sweeping the field. This relies on the two ferromagnetic layers
having different switching fields. The switching behaviour of the pseudo
spin valve is illustrated in the top right panel of figure 4.5 which presents
an MH loop measured at a temperature of 50 K using the SQUID magne-
tometer. At an applied field of −500 Oe both the top and bottom cobalt
layers are saturated and have an orientation parallel to the applied field.
As the external field is swept upwards, the Co(2.4) switches first at around
50 Oe. The system is now in the antiparallel configuration (AP) since the
orientation of the Co(2) layer is still opposite to the applied field. As the
field is further increased to 300 Oe the thinner Co(2) layer finally switches
and the parallel state (P) is recovered. LEµSR measurements were there-
fore performed at B0 = 150 Oe in the AP state and B0 = 300 Oe in the
P state with saturation performed at B0 = 500 Oe between measurements.
The pseudo spin valve sample layout allows a number of important aspects
of the EM proximity theory to be investigated. The system comprises two
separate regions of interest: the Co(2)/Cu and Nb/Co(2.4) interfaces. Ow-
ing to the different switching fields for the two cobalt layers the dependence
of AEM on the orientation of the magnetisation at the Co(2)/Cu interface
can of course be tested. Additionally, since the two ferromagnetic layers are
of different thickness and the theory expects the sign of AEM to flip as dF
is tuned through a lengthscale of ξF , which for these layers is around 1 nm,
the signals coming from each Co interface could be very different.

The results of the LEµSR measurements conducted to probe these effects
are presented in figure 4.5. For both of the measurement orientations the
Co(2.4) layer is parallel to the applied field and the Co(2) is either parallel
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or antiparallel as indicated. The top left panel of figure 4.5 presents some
sample muon stopping profiles for the pseudo spin valve structure. For most
energies the majority of the muons stop within the two copper layers, only
reaching the niobium layer for Eµ ≥ 20 keV . Seeing as a small fraction of
the muons stop within the Co(2) layer, and the depolarisation rate is higher
due to stray fields, the error bars on the average field values are expected
to be larger for lower probing energies. In order to combat this a higher
number of counts, 9 million events compared with the usual 2.5 million,
were detected for the lower probing energies to improve the statistics. The
results of the muon energy scans for the parallel (left) and the antiparallel
(right) states are presented in the bottom panel of figure 4.5. The results
of the conventional averages approach to the data analysis are represented
by the plotted points.
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Figure 4.5: Measurement results for the pseudo spin valve structure. Top
left: sample muon stopping profiles for the pseudo spin valve structure.
Top right: magnetisation measurements showing the switching behaviour
of the Cobalt layers. The two measurement fields are marked P and AP
and indicated by the dashed lines. Bottom panel: LEµSR results for the
parallel (left) and antiparallel (right) states of the pseudo spin valve. All
open (closed) symbols correspond to the normal (superconducting) state
results which were measured at T = 10 K and T = 2.5 K respectively. The
lines are a guide to the eye and the key indicates the relative orientation of
the exchange fields with the applied field B0.
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The open and closed symbols correspond to the normal and superconduct-
ing state measurements which were conducted at T = 10 K and T = 2.5 K

respectively. In all cases the lines are just a guide to the eye. It is imme-
diately clear that the flux expulsion measured in the superconducting state
at 2.5 K, when compared with its respective 10 K normal state value, is
significantly larger in the AP state than it is in the P state. This is es-
pecially marked close to the Co(2)/Cu interface. Here in the P state the
total flux expulsion almost entirely disappears (≈ 2.5 G as marked) where
in the AP case it looks to be maximal (≈ 14 G as marked). It is important
to stress how dramatic this effect is given that the AP state was in fact
measured at half the applied field of the P state. Interestingly, when one
compares the results in the parallel geometry to the measurements on the
bilayer from sample set 1 it can be seem the observed signal amplitudes,
4.5 G for NS(I) and 5.5 G for the P state of the pseudo spin valve, are closely
comparable. It seems highly plausible therefore, given that the behaviour
of the Nb/Co(2.4) interface is well characterised, in the P state there are
two approximately equal but opposite EM contributions which cancel each
other out. The two interfaces behave differently. Whether or not the differ-
ence in the contributions observed for the P state is because of the thickness
of the respective cobalt layers or to, for example, a different behaviour at
the Co(2) interface due to the proximity induced superconductivity in the
copper cannot be determined with certainty at this stage.

When taken together these results allow the character of the super-
conducting pairs present at each cobalt interface to be ascertained since
singlet and triplet pairs produce a diamagnetic and paramagnetic screen-
ing response respectively. In the case of the Nb/Co(2.4) interface, where
the cobalt layer magnetisation is aligned with the applied field, a large dia-
magnetic contribution to the overall muon signal is observed. This can
be deduced most cleanly from the measurements on the standard trilayer
structures presented in section 4.3.2. In light of the diamagnetic contribu-
tion this implies the screening pairs close to the Nb/Co(2.4) interface are
predominantly of singlet character. Conversely, the results of mapping out
the screening profile for the pseudo spin valve suggest the dominant pairing
at the Co(2)/Cu interface is of a triplet nature. This can be concluded since
the contribution at this top interface is opposite and the overall amplitude
of the signal in the P state is reduced when compared with the AP state.
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These results hint at several possibilities to utilise the EM proximity ef-
fect. Firstly, it appears to provide a proxy to measure the pairing character
present within a given system. Secondly, the results on the pseudo spin valve
in particular, and on previous measurements made on similar S/F systems
[39], hint at the possibility of a device where the presence of a spin polarised
supercurrent running along an interface, in this case the Co(2)/Cu, can be
controlled simply by tuning an applied external field. This latter statement
requires further carefully controlled measurements of how the EM contri-
bution depends on the ferromagnetic layer thickness and on the relative
orientation of the exchange and externally applied fields. These measure-
ments therefore provide a good first proof of principle for such a scheme, and
provide further evidence for the applicability of the new EM theory model
to these proximity systems, but more systematic measurements would be
required before such a device could be designed.

4.4 Conclusions of the EM proximity modelling and

further experimental tests

LEµSR has been used to map out the spatial flux profile across a variety of
different S/F hybrid systems. Through careful modelling of these results,
accounting for the new theory of electromagnetic proximity, a strong corre-
spondence between the experimental observations and the theory has been
demonstrated. This is particularly evident when one considers the spatial
origin and decay lengthscale of the previously anomalous component to the
measured flux profile which, as is expected of an EM proximity effect, ap-
pears to be well described by an amplitude originating at the S/F interface
that decays away spatially over a lengthscale comparable to λL. This EM
component is found, through measurements on a pseudo spin valve struc-
ture, to be dependent both on the thickness of the associated ferromagnetic
layer and on the orientation of its exchange field. When taken together
all of these observations demonstrate the accuracy of the main predictions
of the new EM proximity theory and show its relevance in describing the
physics within S/F hybrid systems. Furthermore, the results on the pseudo
spin valve structure imply the possibility to both use the EM proximity
amplitude as some measure of the dominant pairing character at a given in-
terface and to tune, using an applied external field, a spin-polarised current
running along an F/N interface. These two observations are of essential
interest to superconducting spintronics.
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Where the previous theoretical picture could not capture the additional
screening component at all, this new theory goes a long way to successfully
describing the experimental observations. It does, however, pose some new
questions. In particular, the theory would predict a non-zero screening re-
sponse at zero applied field. To date this has not been observed and is not
accessible to this measurement technique, in this measurement geometry,
since it requires the application of a weak transverse field. In fact, if any-
thing the results presented within this chapter, and the previous, seem to
tentatively suggest the observed EM component disappears in the absence
of an applied field. Moreover, the results presented in appendix F on the
Au(5)/Nb/Co trilayer show the striking reduction in the EM amplitude to
≈ 1 G when compared with the ≈ 10 G measured for these NSF trilayer
systems. In this case, the absence of a thick normal metal cap prevents
the boosting effect to the Meissner screening amplitude provided by the
normal metal proximity effect. The circulating screening current is there-
fore weaker, only managing to screen ≈ 0.3% of the applied field, and a
greatly reduced EM component appears at the Nb/Co interface. These
observations, in combination with the field dependence results on NSF(I)
presented in chapter 3, strongly imply the Meissner current is somehow
driving the EM effect in these systems. This is contrary to the existing the-
ory picture which states the origin of the EM proximity effect is simply the
superconducting condensate interacting directly with the vector potential
of the ferromagnetic layer. It is important to note that the measurements
presented within this chapter cannot and do not definitively pin down the
source of the EM proximity effect. Further measurements, both in zero field
and which explore the details of the physics occurring at the S/F interface,
are required to draw firm conclusions regarding the origin of the observed
EM component.

Although not explored within this chapter, the results reported in ref-
erence [39] on pinned superconducting spin valve structures which initially
motivated these measurements on more simple structures can also be nat-
urally explained within this picture of electromagnetic proximity. The ex-
perimental observations indicate a substantial diamagnetic enhancement to
the measured flux profile in the non-collinear state when compared with the
collinear state. As has been demonstrated in reference [41], using realistic
sample parameters for the gold, niobium and cobalt layers, this is precisely
what the theory would predict. As discussed in section 4.2.1, although
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surprising in the sense one might naively expect a maximal response for a
maximal magnetisation (i.e. the parallel state) this is due to the generation
of equal spin triplet pairs in the presence of an inhomogeneous exchange
field. These act to boost the EM response since they provide an additional
net magnetisation.

Finally, theory suggests that the magnetic field induced in the super-
conductor by the presence of the ferromagnet has both a long range and
short range component [42]. The short range component is related to the
inverse proximity effect which extends only over a lengthscale of ξs which
for these sputtered niobium thin films is only ≈ 10 nm. The long range
component, on the other hand, is generated by the EM proximity effect
over λL. It seems that for realistic material parameters, at least for strong
ferromagnets where the exchange energy is large, the long range component
dominates [39, 41, 60]. Irrespective of the relative size of the two contri-
butions it is also important to note that due to the nature of the muon
stopping profiles specific information about the short range spin component
of the signal would likely be washed out. In light of this is is highly likely
that any measurements of the spatial flux profile will detect at best the sum
of all the terms and would be very hard pushed to disentangle the different
contributions to the signal. Additional evidence for this can be seen when
one considers the shape of the standard Meissner component of the signal
in the NSF system. Despite there being a pair breaking effect near the
S/F interface, which effects the amplitude of the total signal as shown in
figure 4.3, the overall shape remains relatively symmetric. This implies the
spatial resolution near the buried S/F interface is not sufficient to capture
phenomena occurring over a coherence length within these systems.
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5 | Controlling EM proximity by
tuning the mixing between su-
perconducting and ferromag-
netic orders.

The results presented in the previous chapter show the new EM proximity
theory can be used to successfully model the influence of the interaction be-
tween superconductivity and ferromagnetism on the flux profile. The main
aspects of the new theory were tested and the spatial dependence, mag-
nitude and magnetisation dependent sign of the EM effect were all readily
demonstrated. This indicates that the effects reported in references [39, 60],
which at the time of their publication were anomalous, can be explained
within this new theoretical picture. In order to investigate the S-F coupling
dependence and origin of the EM effect, however, a more systematic study
is required.

Within this chapter, to test the origin of the EM amplitude at the S/F
interface, the degree of coupling between S and F is controlled through the
insertion of insulating oxide barriers (I) of variable thickness. The aim being
to push beyond the theory and investigate how the EM proximity develops
as a function of the mixing strength between superconducting and ferromag-
netic order and how it relates to the direct proximity effect. Since direct
proximity is dependent on the contact term in a known way it ought to be
possible to disentangle the effects of EM proximity and pair breaking on the
flux profiles such that knowledge of how the two effects relate to one an-
other can be accessed. To achieve these aims low energy muon spin rotation
measurements were carried out on a set of NSIF thin film structures with
variable insulator thickness. The full screening response of the proximitised
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system was determined in each case and a non-monotonic behaviour of the
total flux expulsion as a function of the insulator thickness observed. This
total signal can be decomposed into two separate components: the effect
of pair breaking on the normal Meissner screening, which was eluded to in
the previous chapter, and an EM proximity contribution. The amplitude of
each contribution as a function of the insulator thickness could then be de-
termined. Curiously, whilst the pair breaking amplitude decays away with
increasing barrier thickness as expected, the EM amplitude appears to be
relatively constant up to thicknesses of 4 nm before diminishing to zero for
thicker barriers.

The work which forms the basis of this experimental chapter can be
found published in [83]. It highlights the need to extend the theory further
such that the interplay of the two proximity mechanisms: the pair breaking
effects which result from direct proximity and the electromagnetic proximity
effect itself, can be described. The results suggest the possibility to design
devices where the pair breaking mechanism can be minimised whilst still
maintaining a maximal electromagnetic effect.

5.1 Samples and experimental design

In order to control the degree of coupling between the superconducting and
ferromagnetic layers, insulating barriers of variable thickness were used as
spacer layers. The full sample structures were of the form NSIF where N =
Cu(40), S = Nb(50), F=Co(2.4) and I = AlOx(dI) with dI = (0,2,4,6,8) and
all bracketed thicknesses in nanometers. The samples were once again grown
on Si(100) substrates using the same growth systems and procedures as
described in previous chapters. The one difference now being the addition of
the insulating layer, the reasoning behind which was to mediate the contact
term between the superconducting condensate and the vector potential of
the ferromagnetic layer. The purpose of this systematic set of samples was
to investigate the origins of the EM proximity effect and its relation to
direct proximity. In order to achieve this aim, a careful control of the oxide
barrier growth and the niobium quality was required. Within this section
details of the sample growth and characterisation are given such that the
results of the muon experiments in the later subsections can be successfully
interpreted.
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5.1.1 Oxide barrier growth and sample characterisation

Growth of all the material layers was carried out at ambient temperature, at
a base pressure of 10−8 mbar and under a standard Argon flow of 26 sccm.
All samples measured as part of this study were grown in two separate
vacuum cycles with corresponding control samples to allow comparison be-
tween the sets. The cobalt layers were deposited atop a 3 nm thick non-
superconducting niobium buffer layer. The purpose of this seed layer was
to provide a lattice matched substrate on top of which the cobalt could be
grown cleanly. This ensured the magnetic and structural roughness around
the SIF interface region was minimised and consequently that the associ-
ated generation of stray fields would also be kept to a minimum. Whilst
this is usually done simply to reduce the muon depolarisation rate, and
therefore improve the measurement signal, for this study it is of particular
significance since any sample to sample variation in stray field generation
should be minimised to rule out any associated influence on the observed
flux profile. As such a fine control of the sample structure is required such
that to good approximation only the thickness of the oxide barrier changes.
As described previously, the growth rates of each target were calibrated
through fits to Kiessig fringes measured via low angle X-ray reflectivity on
single material layers. Once known, these calibration rates were used to
determine a growth time for each layer given its desired thickness. The
growth of the oxide barriers was performed via a similar method to that
described in references [142, 143]. It was crucial that the resultant barriers
were fully oxidised and as uniform as possible. In order to ensure this was
the case all oxide barriers were grown in stages of 2 nm thickness as follows.
A 2 nm thick layer of aluminium was first deposited. The resultant Al(2)
layer was then exposed to an oxygen flow of 76 sccm for 60 s to ensure a
thorough and uniform oxidation of the whole layer. This process was re-
peated n times until the desired thickness of oxide had been deposited on
each of the substrates. Following the deposition of the oxide barriers, and
before any further growth of the constituent sample layers took place, the
growth chamber vacuum was restored. This was to ensure the purity of
the metallic layers, in particular the niobium, was not effected by residual
oxygen in the chamber.

Characterisation measurements were carried out, prior to the muon
beamtime, using both the low temperature transport system and the SQUID
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magnetometer as described in sections 2.2 and 2.3 respectively. The samples
were grown using the 99.999% high purity niobium target and so the su-
perconducting transition temperatures were expected to be similar to those
displayed in the left panel of figure 3.3. Indeed all of the Tc values sat within
the range (7.6− 8.7) K, with the lower extreme being the trilayer and the
upper the single niobium control layer, and had typical transition widths of
(0.05 − 0.1) K. Additionally, upper critical field measurements were per-
formed and fitted, as described previously in section 3.3, and the value of
ξs determined to be (11.5± 0.3) nm as before for the same quality niobium
target measured in chapter 3. Further characterisation was performed to
determine the uniformity of the cobalt layer between samples. This was of
particular importance since the aims of the study involve making a com-
parison across a set of different structures where only the oxide barrier is
supposed to change. Should the magnetisation alter significantly across the
samples, for example, this would need to be accounted for explicitly in the
muon data modelling. Moreover, cobalt oxide is a known antiferromagnet
(see for example [100–103]). Since it was possible a thin layer of the cobalt
may oxidise during the deposition of the AlOx barrier it was important to
determine whether or not there was any signature of antiferromagnetism in
the samples.
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Figure 5.1: Normalised moment as a function of in-plane applied field, mea-
sured using the SQUID magnetometer, for each barrier thickness in the
NSIF sample set. In each case the data has been normalised to the corre-
sponding saturisation magnetisation (mS) values displayed in table 5.1.
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Table 5.1: Area and saturation magnetisation values for the NSIF samples

dI(nm) 0 2 4 6 8

area(mm2) 4.4 5.8 6.25 4.0 7.8
ms (µemu) 19 20 21 17 27

ms/area (µemu/mm2) 4.3 3.5 3.4 4.2 3.5

Figure 5.1 presents the results of the SQUID measurements on each of the
NSIF samples. The plot shows the normalised moment measured on the
longitudinal coils as a function of the in-plane applied measurement field.
For ease of comparison the y-axis has been normalised to the correspond-
ing saturation magnetisation values (ms) displayed in table 5.1. All of the
MH loops are of a uniform shape and centred around zero as expected.
Additionally, one can note that at the standard muon measurement field
of 300 Oe all samples have reached, or are close to reaching, saturation.
The absolute values of saturation magnetisation (ms) appear to vary across
samples though not in a systematic way. When one divides these values
by the sample area, which as seen in table 5.1 was not held constant, there
is a variation of ≈ 30 % from the average value. Though this is not sys-
tematic with the oxide thickness it is important to keep this in mind when
interpreting the results of the LEµSR measurements.

5.1.2 Transmission electron microscopy and elemental analysis

The work presented within this subsection was carried out with the aid of
Dr David Miller from the electron microscopy lab in the School of Chemistry
at the University of St Andrews. These measurements have been immeasur-
ably useful in providing the means to both characterise the oxide barriers
and determine layer thicknesses for use within muon data modelling. This
section is organised into two parts. Within the first some example trans-
mission electron microscopy results are presented. These measurements are
then supplemented by the results of x-ray absorption analysis presented
within the second part [144, 145].

Part I: Transmission electron microscopy

In order to perform the desired transmission electron microscopy (TEM)
measurements a cross section of each sample first had to be milled out of
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its respective substrate. This was achieved through the use of the FEI Scios
dualbeam set-up in the electron microscopy suite in the School of Chem-
istry. This system combines a high resolution scanning electron microscope
(SEM) for imaging with a gallium focused ion beam (FIB) for milling the
sample. By tuning the FIB current within the pico- to nano-amp range, it
is possible to either mill away material rapidly (high current) or to carefully
microstructure the sample (low current). The apparatus is also equipped
with a gas injection system that allows the deposition of both platinum
and carbon. These materials can be used to both protect the sample during
milling and to provide additional contrast for the imaging process. Through
application of the SEM and FIB subsystems concurrently it is possible to
prepare a clean cross section and image sub-surface features or even fabri-
cate nanostructures.

The aim for this study was simply to extract and polish a thin cross
section of the sample for TEM measurements such that the quality and
composition of the layers could be determined. The process through which
this was achieved is illustrated in figure 5.2.

a) b) c)

d) e) f) 200 nm
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Figure 5.2: SEM images of the cross section preparation process. a) The
copper surface of the sample onto which the protective layers of carbon (for
contrast) and platinum were deposited. b)-e) The ion milling process. b)
Deep wells were cut into the sample to mill out a thin bar which could then
be cut out from the substrate as seen in c). d) The resultant thick cross
section was detached and fixed to a TEM sample stage. e) Part way through
the thinning process and f) An TEM image of the cross section taken part
way through the thinning process. The sample layers are indicated in green
and the protective caps in purple.
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The sample was first loaded into the system and the SEM used to identify
a suitable region of the sample to be extracted. Figure 5.2a) shows a rep-
resentative region of the sample surface. The dark patches are pits in the
surface of the copper layer that formed during the sputter growth. Prior
to any milling taking place both a thin layer of carbon and a thick bar of
platinum were deposited onto the sample. The carbon was used to provide
good image contrast and the thick platinum bar was essential to protect
the sample cross section during the ion milling process. In order to extract
a sample cross section the FIB was used to mill away trenches of material
either side of the platinum bar, as shown in figure 5.2b), before the whole
slice could be cut out and detached from the substrate as illustrated shown
in panels c) and d) respectively. Once detached the slice was transported
and fixed to a TEM stage for thinning and polishing. Figure 5.2e) shows
the sample part way through the thinning process. The staggered nature of
the cuts into the slice were to prevent bending and ensure stability of the
final sample. A sample TEM image of the cross section, taken during the
thinning process, is shown in figure 5.2f). The sample and coating layers
are clearly visible and labelled in green and purple respectively.
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Figure 5.3: TEM images showing the Cu/Nb/AlOx(dI)/Co samples where
a) dI = 2 nm, b) dI = 4 nm, c) dI = 6 nm and d) dI = 8 nm. Light and
dark areas correspond to conducting and insulating regions respectively.
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Once the milling process was completed the final thickness of the cross
section was around 100 nm and no further imaging using the SEM could take
place. This was to prevent the polished surface from becoming damaged.
Whilst the SEM image in figure 5.2 already shows all of the material layers,
a more detailed understanding of the structure and conducting behaviour of
the sample can be gleaned from the TEM measurements presented in figure
5.3. These images were measured using the Jeol JEM-2011 transmission
electron microscope within the school of Chemistry’s electron microscopy
suite. The light and dark areas of the images correspond to conducting and
insulating regions respectively. The panels a) through d) of figure 5.3 corre-
spond to images of the Cu/Nb/AlOx(dI)/Co samples where a) dI = 2 nm,
b) dI = 4 nm, c) dI = 6 nm and d) dI = 8 nm. From these images it
can be concluded the AlOx barriers are uniformly deposited and oxidised
throughout though some roughness does develop at the Nb/AlOx interface
for thicker barrier layers. Additionally, these images allow an accurate de-
termination of the layer thicknesses of Nb and Cu for use within the muon
data modelling. For example from figure 5.3a) the thickness values for the
dI = 2 nm NSIF sample were determined to be (38±2) nm and (51±2) nm

for the copper and niobium layers respectively.

Part 2: Elemental analysis results

The Jeol JEM-2011 transmission electron microscope used to measure
the TEM images presented in figure 5.3 is also equipped with an x-ray de-
tector for EDX analysis of the sample composition. The excitation electrons
are emitted from a lanthanum hexaboride source and are incident on the
TEM cross section. The absorbed electrons excite characteristic transitions
within the sample emitting x-rays which are subsequently detected by an
Oxford ISIS EDX system. By scanning across the sample surface and de-
tecting a portion of the x-ray emission, a map of the elements present within
the sample can be built up and their relative compositions estimated as a
function of position. Both of these measurement procedures were carried
out on all of the Cu/Nb/AlOx(dI)/Co samples within the NSIF set. The
aim of these measurements was to gain a rough idea of the purity of each
of the layers, in particular the quality of the niobium, and to estimate the
composition of the oxide barrier. Figure 5.4 shows representative data for
the a) dI = 4 nm and b) dI = 8 nm samples.
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Figure 5.4: Example composition analysis of the Cu/Nb/AlOx(dI))/Co
samples where a) displays the composition map for dI = 4 nm with the
scale bar corresponding to 15 nm and b) the line cut % composition anal-
ysis for dI = 8 nm. The bar at the top of panel b) shows the line scan
corresponding to the extracted % composition. The arrow indicates the
scan direction.

Figure 5.4a) displays the resultant composition map of the cross section
for the Cu/Nb/AlOx(4 nm)/Co sample. In this case the scale bar corre-
sponds to a distance of 15 nm. The key at the bottom indicates which layer
largely corresponds to which sample element. The contrasting carbon cap
is not included within the key but is visible as the dark capping layer on
top of the copper feature. All of the sample layers are clearly distinct from
one another. There is a visible oxygen background across the entire sample
with a particularly strong presence at both the surface of the copper and
throughout the niobium. This is not surprising since the copper surface
had been exposed to air for some time and niobium is notoriously quick
to bind to oxygen. At first glance the aluminium oxide barrier appears to
be uniformly oxidised as was indicated by the direct TEM image presented
within figure 5.3b) for the dI = 4 nm sample.

In order to gain more information of the composition of the sample as
a function of the position a simple line scan was performed from the top
of the cross section down to the silicon substrate. This process was carried
out for each sample in the set and a representative result for the dI = 8 nm

sample presented within figure 5.4. The top panel of figure 5.4b) indicates
the position and direction of this line scan. All along this line scan an
elemental analysis was performed and the corresponding percentage mass
composition estimated from the resultant data. The plot of the percentage
composition as a function of position along the line scan is presented in the
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bottom panel of figure 5.4b). From the compositional analysis it is clear
the thick Cu(40) and Nb(50) layers are close to 100% pure across most of
their bulk but with a small background of oxygen dispersed throughout.
This likely formed during the original growth. The suspected CuO cap,
which will have formed over time through exposure to air, is visible within
the percentage composition data as indicated by the oxygen peak at a scan
position around 20 nm. Examination of the thinner layers: the AlOx(8); the
Co(2.4) and Nb(3), shows significant spreading of material between adjacent
layer depositions. The interface regions are extended and significant mixing
of the materials is evident. This is also visible within the line scan image in
the top panel of figure 5.4b) where there is evidence of roughness around the
Nb/AlOx interface. Part of this apparent spreading of material around the
thinner layers could be related to instrument resolution which was around
0.5 nm. From the percentage mass composition of the oxide barrier at its
centre, indicated by the peak positions of Al and Co, the composition ratio
was estimated to be Al(2):O(2.2) meaning the aluminium is not quite fully
oxidised.

The results of the low temperature transport, SQUID and electron mi-
croscopy measurements demonstrate that, whilst the interface regions are
quite protracted, the overall sample quality is good. The superconduct-
ing transition temperatures, coherence lengths and magnetic characteristics
are all comparable to the samples from set II measured in chapter 3. The
ferromagnetic layer appeared to behave consistently across samples though
there was a significant, but not systematic with oxide thickness, variation
in ms/area. This is important given the EM effect depends critically on the
magnetisation of the ferromagnet and should be taken into account when
interpreting the muon results. The TEM and elemental analysis measure-
ments demonstrate that the oxide barriers are in general uniformly deposited
and oxidised throughout but that there is some roughness at the S/I inter-
face region. This is present in all samples, however, and so should not effect
the comparison of behaviours across the different sample structures.

5.2 LEµSR measurements as a function of the oxide

barrier thickness

As in previous chapters the low energy muon measurements were carried
out on the LEM beamline at the Paul Scherrer Institut. Unless otherwise
stated the experiments were set up and the data analysis methods applied
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as discussed in section 2.1 of chapter 2. For this study, systematic mea-
surements of the flux profile across each of the samples were made in the
hope of tracking both the direct and electromagnetic proximity effects as a
function of the coupling between the superconductor and the ferromagnet.
This present section is divided into three parts. Firstly, following on from
the results presented in chapter 4, a new way of modelling the flux profiles
is formulated such that the pair breaking, and consequently the direct prox-
imity, can be accounted for. This new method is then applied to the data in
the second subsection and quantitative measures of the pair breaking and
EM proximity effects extracted. Finally, within the final subsection, the
effects of stray fields generated at the SIF interface are discussed and ruled
out as the cause of the experimental observations.

5.2.1 Accounting for the effects of pair breaking

In light of the results discussed in chapter 4, where there appeared to be
a measurable effect of pair breaking near the S/F interface, and given that
the present study involves a systematic comparison of the muon signal as
a function of S-F coupling strength, a new method for modelling the flux
profiles is needed. Details of the new approach are given within this subsec-
tion and later applied to model the LEµSR data as discussed in section 5.2.2.

As has already been discussed, the expected screening profile across a
thin film superconductor with vacuum interfaces follows directly from the
London theory and is given by the form shown in equation 3.4. It was
demonstrated in chapter 3 that this profile describes the sputtered niobium
control samples very successfully, allowing the determination of the corre-
sponding λL values for each different sample purity. Following the results
of the quasiclassical calculations presented in figure 3.8 it became clear that
extension to the NS bilayer case could be approximated simply by replacing
ds with dNS in the London equation. This is possible since for the partic-
ular combination of sample material parameters present in the measured
systems the copper layer becomes fully proximitised and screening develops
near symmetrically across the full spatial extent of the bilayer. Further to
this extension in chapter 4, in light of the development of the new electro-
magnetic proximity theory, an additional term was added to equation 3.4 to
model those systems where a ferromagnet was in direct contact with the su-
perconducting layer. This additional term, taking the form of an amplitude
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at the S/F interface which decays away exponentially over λL, was included
to account for the electromagnetic proximity effect at the S/F interface as
shown in equation 4.3. The results of imposing the relevant model profiles
on the bilayer and trilayer samples presented within chapter 4 demonstrated
that the new theory was capable of successfully and consistently describing
the experimental observations.

The inclusion of the ferromagnetic layer to the underside of the supercon-
ductor ought to have a further consequence on the flux profile. In addition
to the EM proximity effect, the direct proximity between the superconduc-
tor and ferromagnet will result in the suppression of the superconducting
condensate within the region close to the S/F interface due to pair breaking
effects. The result is a depletion of superconducting pairs near the inter-
face and a corresponding reduction in the Meissner screening amplitude.
As can be seen from the quasiclassical calculations in figure 3.8, this occurs
asymmetrically with the loss of amplitude biased towards the region near
the ferromagnet. The net impact of this being a shift of the now less pro-
nounced minimum towards the normal metal layer. Some evidence of this
effect was observed in chapter 4 and is presented in figure 4.3. By allowing
the amplitude of the EM proximity effect, AEM , to vary as a function of the
average muon probing depth a loss of amplitude was observed for those en-
ergies which sampled around the S/F interface. Seeing as the pair breaking
effects should occur within about a coherence length (ξs) of the interface
it seems the likely cause. In the present study, a systematic decoupling of
the ferromagnetic exchange field from the superconducting condensate will
result in these pair breaking effects no longer being constant across the dif-
ferent samples. In order to make a successful comparison of EM proximity
as a function of coupling strength therefore it is key these direct proximity
effects are also accounted for.

In order to capture the effect of direct proximity on the flux profile the
following assumption is made. Since the asymmetric depletion of amplitude
occurs over too spatially narrow a region to observe directly it is modelled
as a reduction in amplitude of the Meissner term which itself remains sym-
metric. The reduction in the standard Meissner response, to one which is
now labelled B∗NS, is accounted for within the model through the use of
an effective penetration depth, λeff , that will be longer than that of the
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bilayer. The resultant profile used to model the NSIF samples within this
chapter is therefore given by the form presented in equation 5.1.

BNSIF (x) = B∗NS + AEM exp (x− dNS)/λeff (5.1)

Where AEM is the strength of the electromagnetic proximity which now
decays over the effective penetration depth λeff . As before there are two
terms. The first describes the standard Meissner screening, with the ef-
fects of pair breaking parameterised a simple reduction in the symmetric
amplitude, and the second term is the EM proximity contribution.

A schematic of the field profile given by equation 5.1 is shown in figure
5.5. The various plotted profiles have been scaled to the external field
typically used for the measurements. In the normal state the expected flux
density is constant at the applied measurement field. This is indicated by
B0. In the superconducting state the full flux profile, BNSIF , is composed of
two constituent components: The normal Meissner term (B∗NS) and the EM
component (shaded region). The effect of pair breaking is parameterised by
the direct proximity amplitude, ASF , which is simply the difference between
the bilayer response (BNS) and B∗NS at the screening minimum. The second
parameter of interest is of course AEM which is the EM amplitude.

Figure 5.5: A schematic of the full model screening profile, BNSF , decom-
posed into its Meissner (dashed line) and EM (shaded region) contributions
but including the effects of pair breaking at the S/F interface. The profile
has been scaled to the applied measurement field.
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In order to model the NSIF sample series the form of equation 5.1 is im-
posed on the measurement data. Both λeff and AEM are treated as free fit
parameters such that the resultant profile best predicts the extracted flux
averages. Within this model there is now an additional fit parameter when
compared with the treatment applied in chapter 4. It is important to note
that in treating the data this way the fit is not expected to be improved
simply because of an additional fit parameter but rather because the under-
lying physics is now being directly accounted for. In doing so a quantitative
measure of two different but related proximity effects can be extracted in
the form of the two amplitudes AEM and ASF .

5.2.2 Extracting the SF and EM proximity amplitudes as a func-
tion of barrier thickness

As described within the previous section, the form of equations 3.4 and
5.1 are imposed on the relevant muon data such that they best predict the
measured flux averages. In the case of the NS bilayer sample, the simple
London profile is used to model the data with the only fit parameter being
the λL value. Once the bilayer profile is known this acts as a control for the
NSIF samples and defines an upper limit for the expected standard Meissner
component of the total flux profile. It also provides a baseline with which to
compare the results of modelling the NSIF data. The full form in equation
5.1 is imposed on all samples containing a ferromagnetic layer. As discussed
at the end of section 5.2.1, for these samples there are two free fit parameters
used to describe the data: λeff and AEM , which correspond to the Meissner
and EM components respectively. By modelling the muon data associated
with each oxide barrier thickness, and determining the corresponding val-
ues of AEM and ASF where the latter is found through comparison to the
bilayer response, the effects of both pair breaking and EM proximity can be
tracked as a function of the S-F coupling strength. The results of carrying
out this analysis are presented within this section. Firstly, some represen-
tative data are shown alongside the resultant best fit profiles for a subset
of the measured samples. This is included simply to better illustrate the
data analysis procedure. The second part of the section then focuses on the
barrier thickness dependence of the two proximity amplitudes. It is found
that the EM amplitude significantly outweighs the effects of pair breaking
until for thicker barriers the bilayer result is recovered.
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Figure 5.6 presents some example results of imposing the flux profiles on
the LEµSR data. The data shown correspond to a set of samples of the form
Cu(40)/Nb(50)/Y where Y = Si, Co(2.4)/Nb(3)/Si and Al2Ox(2)/Co(2.4)/
Nb(3)/Si for the NS, NSF and NSIF samples respectively. As in previous
chapters the top panel presents some sample muon stopping profiles. In each
case the corresponding vertical line indicates the average stopping position
for muons of that energy within the sample structure shown. At the lowest
measured energy the muons stop only within the Cu layer. As the probing
energy is increased the stopping profiles start to spread out and shift to
higher average probing depths whilst a tail remains in the Cu. For Eµ ≥
20 keV the muons begin to sample the “Y” layers of each structure.
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Figure 5.6: The effect of an oxide barrier on the LEµSR results. Top panel:
sample muon stopping profiles for a range of incident muon energies. The
vertical lines in each case indicate the average probing depth with the pro-
files for Eµ ≥ 20 keV beginning to extend into the Y layers. Bottom panel:
representative results of the LEµSR results performed on the NSIF sample
structures in an applied field of 302.4 Oe. The solid lines represent the
results of imposing the spatial flux profile on each NSY structure where
Y = Si, Co(2.4)/Nb(3)/Si and Al2Ox(2)/Co(2.4)/ Nb(3)/Si for the NS,
NSF and NSIF samples respectively. The average field values are plotted
as open (closed) circles for the normal (superconducting) state data which
were measured at 10 K (2.5 K).
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The results of imposing the underlying field profiles, given by equations
3.4 and 5.1 for the bilayer and NS(I)F samples respectively, are indicated by
the labelled solid lines in the bottom panel of figure 5.6. The results of the
conventional averages approach are also included for comparison and are
indicated by the open and closed circles for the normal and superconduct-
ing state measurements respectively. All normal state measurements were
conducted at a temperature of 10 K and the corresponding superconducting
state data taken at 2.5 K. For each data point the corresponding error in
the average field, typically found to be within the range (0.1−0.3) G, is also
plotted but is too small to be visible on the scale of the symbol size in this
case. In the normal state, for all measured samples, a constant flux density
is observed which simply corresponds to the applied measurement field of
302.4 Oe. From the superconducting state measurements it is clear that in
all samples, across all probing energies, a flux lowering is observed. As has
been previously observed and modelled within chapter 4, the NS data show
the standard Meissner screening response extending across the full spatial
extent of the proximitised bilayer. The best-fit cosh profile in this case cor-
responds to a penetration depth of λL = 140 nm. Also modelled within the
previous chapter is the NSF trilayer result which shows a significant increase
when compared with the bilayer due to the EM proximity effect. Here the
best fit profile corresponds to fit parameter values of λeff = (156± 1.5) nm

and AEM = (−13 ± 0.7) G. The NSIF data show an overall enhancement
to the flux lowering. When one considers the shape of the average data it
is clear this is due to a partial recovery in the normal Meissner screening,
thanks to the partial decoupling between S and F, and that the EM compo-
nent remains relatively constant. This is reflected in the results of the profile
modelling where the best-fit result for NSIF corresponds to fit parameter
values of λeff = (151 ± 1.1) nm and AEM = (−14 ± 0.5) G. The effective
penetration depth has started to recover and move back towards the bilayer
result whilst the two EM amplitudes are within error. This naively suggests
that the degree of coupling between the superconductor and ferromagnet
has been altered sufficiently to affect the pair breaking but not the electro-
magnetic proximity.

When one compares the results of the conventional averages approach
with the best-fit profiles found from imposing the expected full spatial de-
pendence a good correspondence between the two is observed across most
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energies. As was discussed previously within section 4.3.2, the model pro-
files for the NSF and NSIF samples begin to deviate from the averages
at the lowest probing energy. This is most likely due to the EM compo-
nent rolling off more rapidly than expected within these systems where the
thickness is less than the penetration depth. In order to confirm this fur-
ther measurements on thicker samples would be required. It is clear from
these example data sets that the averages approach to the data analysis
captures the physics of the system well, and given the right framework for
interpretation, provides a good physical understanding of the system. The
full spatial analysis, however, offers the opportunity to identify and extract
a quantitative measure of each proximity effect and to track, given measure-
ments and analysis across the full sample set, their behaviour as a function
of the coupling strength as was the aim of this study. The same analysis as
presented in figure 5.6 for the Cu(40)/Nb(50)/Al2Ox(2)/Co(2.4)/ Nb(3)/Si
sample was therefore performed on the muon data for all other oxide thick-
nesses and the corresponding best fit values of ASF and AEM extracted for
each. The results of this analysis are shown in figure 5.7 where both prox-
imity amplitudes are plotted as a function of the insulator thickness, dI ,
which is used as some measure of the coupling strength.
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Figure 5.7: The extracted proximity amplitudes as a function of dI which
corresponds to a changing S-F coupling strength. The open (closed) symbols
correspond to the extracted ASF (AEM) values. The NS bilayer control, for
which both amplitudes are zero, is represented by the dashed line. The light
shaded region indicates the approximately constant AEM for dI ≤ 4 nm.
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The open and closed symbols correspond the the extracted values of ASF
and AEM respectively. The plotted error bars take account of both the
error associated with the data fitting and any variation between samples
in Tc − Ts; where Ts was the sample measurement temperature. This was
achieved using the known temperature dependence of the total amplitude
for these sample structures as presented in appendix D. The horizontal
dashed line represents the NS bilayer control result for which both AEM

and ASF are of course zero. When the niobium and cobalt are in direct
contact, for dI = 0 nm, there is both a small reduction of about 15% in
the standard Meissner screening response, which can be determined from
the corresponding ASF value, and a substantial diamagnetic enhancement
(AEM) due to the EM proximity. As the degree of coupling between the
Nb and Co layers is reduced, through the insertion of the insulating oxide
barriers, the direct proximity weakens and the suppression in the standard
Meissner screening reduces until for dI ≥ 4 nm ASF = 0 G and the NS
bilayer result is recovered. The behaviour of the EM proximity appears to
be rather different. The value of AEM appears to be approximately con-
stant for barrier thicknesses of dI ≤ 4 nm. This is indicated by the shaded
band shown in figure 5.7. A further increase in the thickness of the Al2Ox

layer causes the value of AEM to diminish back towards the bilayer control
response.

Through careful modelling of the LEµSR data gathered for the full range
of NSIF sample structures, the dependence of both the direct and electro-
magnetic proximity amplitudes on the insulating barrier thickness has been
successfully extracted. Since both amplitudes return to the NS bilayer re-
sponse as the barrier thickness is increased it seems the effects observed are
due to the direct sampling of the ferromagnet by the condensate and are
not related to any stray magnetic fields. In particular, as has already been
seen in previous chapters the stray fields generated at the S/F interface ef-
fect the muon depolarisation rate strongly over lengthscales closer to 15 nm

whereas here both proximity contributions have disappeared for dI = 8 nm.
Through modelling of the muon depolarisation rate as a function of dI any
potential influence of stray fields can be explored in more detail. This is the
subject of the following subsection where it is explicitly demonstrated that
stray fields play little or no role in the observed physics.
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5.2.3 Ruling out the effect of stray fields

It has been discussed in previous chapters that in the absence of ferromag-
netism the nuclear moments are the main source of magnetic inhomogeneity
in these systems. This leads to a constant nuclear depolarisation rate, λ,
within each material layer. On the other hand, for any system in which a fer-
romagnetic layer is present the spatial dependence of λ becomes dominated
by the effect of the stray field originating at the S/F interface. In these
cases, an approximately exponential decay profile for λ which is maximal at
the surface of the ferromagnet and decays away over typical lengthscales of
up to 20 nm is found to describe the data very successfully. It is therefore
possible, through a careful analysis of the data, to model λ as a function of
dI and compare the depolarisation amplitudes, λ0, and decay lengthscales,
ξλ, across the different samples to see how random fluctuations in the local
field vary. This is achieved through imposing the profile given by equation
2.8 on all the measured data and the results are presented in figure 5.8.
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Figure 5.8: Results of modelling the depolarisation rate at the interface as a
function of oxide thickness. a) depolarisation rate as a function of the aver-
age probing depth for the dI = 8 nm sample. The solid lines show the best
fit model profiles and the open (closed) symbols show the corresponding av-
erages measured at T= 10 K (T= 2.5 K) in the normal (superconducting)
state. The black dotted lines show the result of “predicting” the averages
from the full spatial profile. The horizontal dashed line indicates the po-
sition at which the amplitude, λ0, was extracted. b) the plotted points
show the depolarisation amplitude (λ0) as a function of the oxide barrier
thickness (dI). The solid line is a guide to the eye and the dashed lines
represent the maximum depolarisation amplitude which corresponds to the
dI = 0 nm sample and the NS control value for reference.
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Figure 5.8a) presents the results of modelling the depolarisation rate data
for the Cu(40)/Nb(50)/Al2Ox(8)/Co(2.4) sample. The quality of the data
and the imposed fit profile are representative of all the measured samples
within the set. The solid lines correspond to the best fit form of equation
2.8 and the open and closed symbols correspond to the results of the aver-
ages analysis for the 10 K normal state and 2.5 K superconducting state
measurements respectively. As would be expected there is an enhanced
depolarisation rate below the superconducting Tc due to increased flux gra-
dients associated with screening. The black dashed lines represent the result
of calculating the spatial averages directly from the optimised profile as de-
scribed in section 2.1.7. There is an excellent correspondence between the
measured average flux values and those determined from the best fit profile
for the data taken both above and below Tc which validates the practical
use of this phenomenological model. The horizontal dashed line indicates
the definition of λ0, the depolarisation amplitude at the SI interface, which
for this sample was found to be 2.2 MHz. The same analysis was carried
out for all other barrier thicknesses and the value of λ0 extracted for each.
The resultant plot of the depolarisation amplitudes as a function of the
barrier thickness is shown in figure 5.8b) where the connecting line is just a
guide to the eye. The dotted lines represent the maximum observed value,
which corresponds to both the dI = 0 nm and dI = 2 nm samples, and the
NS bilayer result which is significantly lower than even the result for the
dI = 8 nm sample. Any increase in the barrier thickness from dI = 2 nm

results in a slight drop off of the value of λ0 but at no point does it come
close to approaching the bilayer value of ≈ 0.6 MHz in the superconducting
state. In addition, for all samples the decay lengthscale, ξλ, of the depolari-
sation amplitude was found to be within the range ξλ = (12±1) nm. When
taken together this suggests the observed flux lowering attributed to EM
proximity is not due to a stray field effect. Whilst there is some variation
in λ0 it does not correlate to the behaviour of the extracted values of AEM
which settle back to the bilayer response for dI = 8 nm, a lengthscale over
which the stray fields still significantly effect the depolarisation.

5.3 Discussion of the S-F coupling dependence of EM

proximity.

The modelling of the full spatial dependence of the LEµSR data is consis-
tent with there being an additional source of vector potential at the SIF
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interface which in turn generates an additional component to the orbital
screening. These observations are in line with current thinking regarding
the expected electromagnetic proximity effects that ought to take place
wherever a ferromagnet comes into contact with a superconductor. Indeed
the experimental observations that: the additional response requires the
presence of the ferromagnet; depends unambiguously on the direct sam-
pling of F by the superconducting condensate and has its spatial origins at
the SIF interface, are direct predictions of the theory. The measurements
themselves provide excellent evidence against stray fields being related to
the measured effect since for thick oxide barriers AEM → 0 and the bilayer
result is recovered whilst the stray fields are still significantly higher than
the bilayer case. Furthermore, the modelling of the muon depolarisation
rate has shown that the stray fields decay over a longer lengthscale than
the barrier thickness required to quench the observed additional screening
component. It is also important to note that the observed dependence of
AEM on the oxide thickness is not systematic with the observed variations
in ms/area displayed in table 5.1 so cannot simply be due to variations in
the magnetisation of the F layer. For thinner oxide barriers, dI ≤ 4 nm,
a constant value of AEM was observed. The origin of this is currently un-
known and is not explicitly explored within the existing theory. Naively
AEM ought to depend on both the superconducting gap and on the con-
tact term between the superconductivity and ferromagnetism. The latter
gradually reduces as the thickness of the insulating barrier increases and the
former correspondingly strengthens due to a diminished effect of pair break-
ing. The interplay of these two effects is not currently explored within the
theory and it is possible the result may be an approximately constant value
of AEM though this remains an open question. The observation does, how-
ever, suggest the possibility to design a device in which the electromagnetic
component can be maximised whilst minimising the effects of pair breaking.

The experimentally determined behaviour of the direct proximity, pa-
rameterised through ASF , as a function of the coupling strength makes
intuitive sense. The 15% reduction in the standard Meissner screening re-
sponse observed in the absence of an insulating barrier, and the steady loss
of this amplitude as the S-F coupling is reduced such that for dI ≥ 4 nm the
bilayer Meissner screening was recovered, was clearly anticipated. The novel
piece of understanding to come out of this observation is really that, given
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appropriate control samples, a full spatial analysis of the kind carried out
here provides access to quantitative measures of how the proximity effects
develop within these systems. Additionally, the relative strengths of the
pair breaking and the EM proximity suggests the importance of accounting
for these electromagnetic effects in both the interpretation of experimental
results and in the design of new S/F devices. Indeed as discussed within
chapter 4 this new model provides a framework in which to interpret a num-
ber of previously published anomalous results within the field [39, 60, 82, 85].

It is important to note that whilst the suggested supply of additional
vector potential is the local magnetisation of the ferromagnet this has not
been unambiguously determined through these measurements. The asym-
metric spatial profile of the additional screening, which originates from the
SIF interface region and disappears once the ferromagnet becomes isolated,
is highly consistent with the theoretical predictions. It is perfectly possi-
ble, however, that there are additional contributions to the vector potential
as discussed within section 4.4. It is likely that further theoretical develop-
ments will steer new experimental efforts to identify and disentangle possible
contributions.

5.4 Conclusions on the use of oxide barriers to manip-

ulate EM proximity

Within the present chapter, the influence of inserting insulating oxide bar-
riers between superconducting and ferromagnetic layers on the direct and
electromagnetic proximity effects has been studied. A full set of samples
of the form NSI(dI)F were measured using LEµSR and the data analysed
within a model consistent both with pair breaking effects and the new EM
proximity theory. A non monotonic dependence of the total flux expulsion
as a function of the barrier thickness was observed. This could be decom-
posed into two distinct and opposing contributions: the first, parameterised
by ASF , arising from the anticipated pair breaking of the ferromagnetic
exchange field, and the second the EM proximity effect. The latter being
of strength AEM was, for the combination of material parameters present
within these sample systems, persistently diamagnetic and substantially
larger than the corresponding effect of pair breaking. Both of these ob-
served contributions were ultimately suppressed, and the bilayer response
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recovered, through insertion of a thick insulating oxide barrier at the S/F
interface. This strongly suggests stray fields are not substantially contribut-
ing to the physics. For all of the measured samples the imposed model was
an excellent description of the spatial dependence and magnitude of the
observed flux lowering. The use of an effective lambda (λeff ) and an EM
proximity strength (AEM) provided the means to extract a quantitative
measure of both proximity effects without the need to model explicitly the
full quasiclassical profiles. This type of systematic analysis could prove to
be invaluable in the study of more complex devices which seek to exploit
these proximity effects.

Whilst in general an excellent correspondence between theory and exper-
iment was found there do remain some open questions. In particular, there
are two points arising from this work which require further experimental
and theoretical investigation to address. Firstly, the approximately con-
stant value of AEM for barrier thicknesses of dI ≤ 4 nm came as a surprise.
The origins of this dependence are currently unknown and are not easily
accessible within the existing theory. Further calculations are required to
determine explicitly how a stronger gap function, resulting from the decou-
pling of the ferromagnetic layer from the superconductor, may effect the
generation of the EM proximity amplitude. Secondly, these measurements
still do not confirm for certain the source of the additional vector potential
at the SIF interface. Whilst it seems likely to be the magnetisation of the
ferromagnet further measurements, possibly conducted in zero applied field,
are essential to test the details of the source of the large EM effect observed
within these systems.
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6 | Platinum within N/S/F het-
erostructures

The work presented in this final experimental chapter marks somewhat of
a departure from the themes of the previous studies contained within this
thesis. Whereas the content of chapters 3, 4 and 5 was focused on under-
standing new fundamental proximity effects within mesoscopic S/F hybrid
thin films this chapter has been largely motivated by the interesting ma-
terial properties of platinum. The work on platinum containing samples
presented here can be broadly split into two parts. The first deals with
the effect of inserting platinum spacer layers at both the S/F and N/S in-
terfaces within the general Cu/Nb/Co sample structures studied previously.
The second seeks to replace the copper normal metal layer with platinum to
form NS and NSF bilayer and trilayer systems. These are found to behave
very differently from the comparable gold and copper based systems.

Within the first section, measurements on both N/Pt(10)/S/X and N/S/
Pt(2)/F systems, with X=(Si,F), N=Cu(40), S=Nb(50) and F=Co(2.4),
demonstrate that even a thin layer of platinum can have a profound effect on
the measured response of the sample to an applied field. By simply placing a
2 nm thick platinum spacer layer between the niobium and cobalt layers not
only does the usual EM proximity contribution associated with the Co(2.4)
layer get partially suppressed, or indeed cancelled out, but the temperature
dependence of the signal is also greatly altered. Instead of immediately be-
ginning to build up a diamagnetic screening response to the applied field,
the sample demonstrates first a small paramagnetic uptick in the average
flux before, at approximately 2 K below Tc, a bilayer-like screening response
begins to develop. This is in contrast to a similar NSnF sample structure,
where a Cu(2) spacer layer is used instead, as discussed in appendix G. If
instead the platinum spacer layer is placed at the N/S interface then the
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standard normal metal proximity enhancement to the screening is largely
destroyed despite clear evidence from STM measurements that there is a
superconducting gap present at the sample surface. In addition, through
comparison of results on NnS and NnSF sample structures, where n is a
thin normal metal spacer, a reduced EM proximity amplitude appears to
be present at the S/F interface within these systems. This provides further
evidence that AEM appears to scale with the Meissner screening current
running along the S/F interface.

In the latter half of the chapter, results on systems where the normal
metal has been completely replaced by platinum are presented. In both the
measured bilayer and trilayer systems the normal metal - superconductor
proximity effect behaves very differently. Most strikingly, in the case of the
bilayer samples, it is not simply that the platinum layer does not exhibit
a screening response but rather that the usual screening response of the
niobium is completely absent, or more likely cancelled out by a paramag-
netic feature, over a lengthscale of around 40 nm into the niobium layer.
Moreover, comparable measurements on a platinum trilayer sample hint at
a paramagnetic response at the Pt/Nb interface region and a diamagnetic
screening within the niobium layer. Whilst the origin of these observa-
tions cannot be concluded for certain they only occur in systems containing
platinum which suggests material specific physics, such as strong spin-orbit
interaction or Stoner enhanced paramagnetism, may be at play.

6.1 Introduction to platinum in S/F hybrid systems

The work presented in experimental chapters 3-5 presents new and intrigu-
ing physics occurring at interfaces within mesoscopic superconducting sys-
tems. These are due, in large part, to fundamental proximity effects occur-
ring at interfaces between materials widely utilised in more complex devices
[1–3, 46, 72, 146]. Platinum is an interesting addition to these structures
owing to its substantial set of unusual material properties all of which have
the potential to influence any conventional and unconventional supercon-
ducting states found therein. It is interesting to pose the question of how
known proximity effects: direct electronic, electromagnetic and inverse, will
react to the presence of a high spin-orbit, short spin coherence length Stoner
enhanced metal. Within this chapter LEµSR measurements are utilised in
attempt to map out changes to the flux profile prompted by platinum.

118



Rhea Stewart 6 PLATINUM WITHIN N/S/F HETEROSTRUCTURES

Initial motivation for the presented work stemmed from the theory of
weak and half-metallic ferromagnetism [69] as a means to generate uncon-
ventional superconducting states in S/F hybrid systems. Since within these
systems the exchange field is weaker, the resultant damage to the pair ampli-
tude is greatly reduced and the lengthscale over which induced correlations
can propagate is increased [3, 46]. A number of experimental results have in
fact reported the successful generation and manipulation of supercurrents
over long lengthscales through these materials (for example [21, 73, 147]).
Given that platinum is a Stoner enhanced metal [148, 149], meaning it has
a high density of states at the Fermi level and consequently an extremely
large magnetic susceptibility, one might expect that in the presence of an
applied field platinum may induce phase shifts within Cooper pairs that are
ordinarily associated with ferromagnetism. In such a system the exchange
field would become tunable within applied field and temperature space both
of which are highly accessible experimental parameters. In some ways the
expected response is reminiscent of the properties of weak and half metal-
lic ferromagnets within these systems but without the growth difficulties.
There are potential downsides to platinum, however, its short spin diffusion
length, for example, means it could be highly disruptive to the transmission
of spin correlations generated through S/F interactions [150]. In addition,
the coherence length of pairs within platinum is likely to be shorter given its
shorter mean free path when compared with gold and copper [151]. This will
likely effect the readiness with which proximity induced superconductivity
penetrates platinum layers.

Finally and perhaps most interestingly, platinum is a heavy metal and
hosts a high spin-orbit interaction. This makes it an attractive material
within the conventional spintronic community where platinum is often used
in conjunction with ferromagnetic and insulating thin films to generate
strong Rashba fields. These are typically used as a means to manipulate
spin polarised currents through various device architectures [152, 153]. The
properties of platinum within superconducting spintronic devices are, how-
ever, comparatively little explored. It is intriguing to wonder how spin-orbit
interactions may mesh with neighbouring superconducting layers in a hy-
brid system. The topic has indeed been the focus of a number of theoretical
works [61, 62, 154, 155] which predict a whole host of unconventional effects
somewhat akin to those predicted, and measured, within S/F systems (see
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for example [3]). In addition, the present focus on electromagnetic proxim-
ity within S/F hybrid systems provides a timely link between the two fields
and initial experiments on mesoscopic superconductors interfaced with plat-
inum suggest a wealth of rich physics waiting to be uncovered [156–163].

In light of the potential physics at play within platinum containing S/F
thin films a number of sample systems have been designed and measured
using LEµSR. These fall into two groups. The first seeks to investigate the
effect of thin platinum layers on the proximity effects known to be generated
at N/S and S/F interfaces within these devices. The second focuses on
the proximity effects within simple thin film systems built around thick
platinum layers.

6.2 Platinum at the interface

The results presented within the previous chapters have demonstrated that
the observations made in simple NS and NSF thin films can be largely
described using a combination of the quasiclassical and EM proximity pic-
tures. In particular within chapter 3, the normal metal - superconductor
proximity was successfully described within the quasiclassical framework
where the resultant calculations were an excellent match to the measured
data. The extension to include the effects of a strong ferromagnetic ex-
change field proved initially challenging, however, the new EM proximity
theory has proven to be a natural description of the experimental results.
Through modelling of the LEµSR data in a way consistent with the under-
lying theory it has been possible to disentangle the various contributions to
the total muon signal and to go some way to determining their origins. This
has only been recently possible thanks to both key theoretical developments
and continued improvement of the experimental systems.

Direct and EM proximity phenomena depend crucially on the physics
occurring at the N/S and S/F interfaces and on the material parameters of
the elements involved. This poses the question of how the resulting contri-
butions to the muon signal will be effected by manipulating the interface
in different ways. Within chapter 5 a systematic study of how altering the
coupling strength between S and F, which was controlled through the in-
sertion of insulating oxide barriers of variable thickness, affected both the
SF and EM proximity amplitudes. In this case it was possible to model the
observations using the existing theory to great effect. Within this subsec-
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tion the aim is instead to investigate the effect of inserting platinum spacer
layers at both the N/S and S/F interfaces. Given the unusual material
parameters of platinum this potentially offers the possibility to study how
spin-orbit and enhanced Stoner paramagnetism may interact with both the
normal-superconductor and superconductor-ferromagnet proximity effects.

6.2.1 Platinum and the normal metal proximity effect

The focus of the present section is to investigate the effect of inserting a
thin platinum layer at the N/S interface on the screening response of the
proximitised system. To this end, a set of two samples were grown using
the same high purity niobium target as Set II from chapter 3. The sample
structures, and corresponding experimental aims, were as follows:

i) A Cu(40)/Pt(10)/Nb(50)/Si system with which to investigate the effect
of platinum on the normal-superconducting proximity. This structure
will be labelled NnS in what follows with n representing the 10 nm

thick platinum layer.

ii) In order to additionally study the EM proximity component a second
sample of the form Cu(40)/Pt(10)/Nb(50)/Co(2.4)/Nb(3)/Si was de-
veloped and will be labelled as NnSF.

Whilst it is not possible to model the LEµSR signals using a full spatial
profile, due in part to a lack of knowledge of the precise spatial contribu-
tion from the thin platinum layer38 and because doing so could introduce a
wealth of fit parameters leading to unstable results, it is possible to compare
the extracted flux averages with those of the relevant control samples. In
this case the samples for comparison are NS(II) and NSF(II), which were
grown in the same vacuum cycle using the same niobium target purity, as
studied in detail in chapter 3. Within this chapter LEµSR, low temperature
transport and scanning tunnelling microscopy measurements (STM) are em-
ployed to investigate these NnS and NnSF systems such that appropriate
comparison can be made to what is already known regarding the standard
bilayer and trilayer structures measured previously.

38This would be very difficult to determine given that the spatial extent of the platinum
layer cannot be uniquely sampled using the spatial resolution of a stopping profile (≈
20 nm)
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The LEµSR measurements were conducted, and the associated conven-
tional approach to the data analysis performed, according to the procedures
discussed in section 2.1 of the experimental techniques chapter. In addition
to the standard energy scans measured above and below Tc the temperature
dependence of the muon signal at fixed probing energy was also recorded.
The results of the muon measurements on both sample structures NnS and
NnSF are presented within figure 6.1.
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Figure 6.1: LEµSR results for the Cu(40)/Pt(10)/Nb(50)/X samples. a)
The top panel displays muon stopping profiles for a few select energies.
The average probing depths for each energy are indicated by the vertical
lines. Plotted in the main panel are the extracted average fields as a function
of the average probing depths for the X=Si and X=Co(2.4)Nb(3)Si sample
structures. All normal (superconducting) data were measured at T = 10 K
(T = 2.5 K) and are plotted in open (closed) symbols. The lines are a
guide to the eye and the grey dashed line is the best-fit profile for S(II) (the
Nb(50) control). b) The temperature dependence of the average field for the
X=Co(2.4)Nb(3)Si sample measured at both Eµ = 6 keV and Eµ = 23 keV .
The dashed line indicates the Tc value found from transport measurements.
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Within the top panel of figure 6.1a) are shown some example muon
stopping profiles where the corresponding vertical lines indicate the average
probing depth for each incoming muon energy. As in the case of all pre-
viously measured copper capped samples, for Eµ = 4 keV all muons stop
within the copper layer but as the muon energy is increased the stopping
distribution begins to spread out with its average shifting to higher depths.
Crucially, at no point does a stopping profile sample only from the platinum
spacer layer so it is not possible to gain information specifically about this
spatially localised region. In the main panel of figure 6.1a) the results of
analysing the LEµSR measurements using the averages approach are plot-
ted. The data points represent the extracted flux averages as a function of
the average implantation depth. The open and closed symbols correspond
to measurements conducted in the normal and superconducting states re-
spectively. All normal state points were measured at a temperature of 10 K

whilst the superconducting state was recorded at 2.5 K which was close to
the system base temperature. The normal state measurements, in all cases,
simply recover the applied measurement field (B0) which was set to around
303 Oe. In the superconducting state, for both sample structures, a flux
lowering is measured across all sampled energies. In the case of both the
NnS and NnSF sample structure the inclusion of the platinum spacer layer
appears to prevent the expected enhancement to the screening profile asso-
ciated with the Cu(40) layer with only a small signal amplitude of ≈ 1 G

present within the copper layer. As can be seen from the measurements
on the NnS structure, the observed screening amplitude of ≈ 3 G is sig-
nificantly lower than the value determined for the Nb(50) film from Set II
which, as indicated by the dashed profile in figure 6.1a), was found to be
≈ 3.8 G. This suggests the platinum layer results in an effective screening
thickness which is highly comparable to the Nb(50) film. When one consid-
ers the visible enhancement associated with the addition of the ferromagnet
(X=CoNbSi) it is well described by the standard form of the EM proxim-
ity effect used within chapter 4 and 5. There appears to be an additional
amplitude of ≈ 4 G, when compared with the X = Si sample, at the S/F
interface. Interestingly, the EM effect appears to be weaker when compared
with previous chapters despite the use of a consistent ferromagnetic layer.
This suggests that whilst the normal metal proximity can enhance the stan-
dard Meissner screening it is not necessary to generate the effect. For the
NSIF systems AEM = −13 ± 1 G whereas here, even accounting for the
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effects of pair breaking39, the amplitude is at most half of that value. This
is a curious result and given comparable sample layers and interface qual-
ity, as would be expected for samples grown in the same vacuum cycle such
as these, provides additional evidence that the electromagnetic proximity
within these systems appears to scale with the existing Meissner screening
current.

In addition to the energy scan results presented within figure 6.1a),
muon measurements at fixed probing energy but variable temperature were
also carried out for the NnSF system. The results of these temperature
scans, conducted at two fixed probing energies, are presented within figure
6.1b). The plotted points represent the extracted average flux values as a
function of the measurement temperature where the sample Tc, measured
using the low temperature transport system discussed within section 2.2
of the experimental techniques chapter, is indicated by the dashed vertical
line for reference. At a probing energy of 23 keV the muons predominantly
sample the superconducting niobium layer. For this higher sampling energy
the measured signal is onset at Tc and develops as a function of temperature
down to the lowest plotted value at T= 4.5 K. Whilst the amplitude of
the data is reduced when compared with the standard NSF response the
linear temperature dependence is consistent with that shown in appendix
D for the trilayer sample. The second temperature scan was conducted at a
muon energy of 6 keV . The corresponding stopping profile for this energy
sampled only from the copper side of the platinum layer and the measured
response appears to be very different. In this case, the diamagnetic screening
is suppressed to occur only at lower temperatures, below about T= 6 K,
rather than having an onset at the sample Tc. As the temperature is reduced
a small flux lowering slowly develops within the copper layer. This is in stark
contrast to the behaviour of the proximitised copper in any measured system
without a platinum layer, as presented in appendix D, where a screening
response appears at Tc and develops steadily with decreasing temperature.

The results of the LEµSR measurements on the NnS and NnSF systems
show that the presence of the platinum layer has a significant effect on the
behaviour of the sample. Given the severely diminished screening amplitude
within the copper layer, which interestingly only appears at temperatures
significantly below Tc, it seems reasonable to wonder whether the platinum

39The pair breaking, as found within chapter 5 for the standard Co(2.4) ferromagnetic
layer, results in a reduction of ASF ≈ 2.5 G in the normal Meissner screening amplitude.
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layer is largely isolating the Cu(40) layer from the niobium. Such an effect
could explain the lack of a normal metal enhancement but - importantly
- not the altered temperature dependence of the signal within the copper.
Failure of the pairs to propagate through the Pt(10) layer could be due to
pair breaking effects occurring within the platinum, the interfaces having
a very low transparency or the material itself having an exceedingly short
mean free path. Indeed the expected inelastic mean free path of platinum
is around 10 nm [164] which is the thickness of the material layer within
these samples. Given the critical effect mean free path has on the normal
metal - superconductor proximity, as demonstrated through the quasiclas-
sical calculations presented in figure 3.8, this may play a role in explaining
the suppressed screening response. If the amplitude of pairs that manage to
traverse the platinum is sufficiently small then despite finding themselves in
the copper, which under the right conditions can be as effective a screening
medium as the niobium, their response may be negligible due to low pair
density. In order to investigate the presence, or indeed absence, of proxim-
ity induced superconductivity within the normal metal scanning tunnelling
microscopy (STM) measurements were carried out. These measurements
were conducted as part of a collaboration with the STM group in St An-
drews and were performed in their entirety by Dr Chi Ming Yim [165]. The
results are included here for reference with his permission.

A set of two sample structures were grown using the same growth sys-
tem and under the same conditions as the NnS and NnSF samples. The
structures were of the form Au(5)/Pt(x)/Nb(50)/Si, as shown within figure
6.2a), with a variable platinum thickness of x= 2, 10 nm. The thin nor-
mal metal cap, which in this case was comprised of gold40 in the interest
of preventing surface oxidation before the STM measurements, protected
the underlying sample but more importantly provided a medium in which
to measure the presence, or absence, of a superconducting gap at the sam-
ple surface separated from the niobium by the platinum layer. The results
of the measurements are presented within figure 6.2 with the experimental
details, as provided by Dr Chi Ming Yim, given in the associated caption.
Panel b) presents a topographic image of the surface from which the differ-
ential conductance (dI/dV ) maps for the Au(5)/Pt(2)/Nb(50)/Si sample
were recorded. The surface, as expected, is polycrystalline and dirty.

40The results of LEµSR measurements on samples with Au and Cu normal metal layers
are highly comparable and so the use of a gold capping layer should have no effect on
the details of the sample behaviour.
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Figure 6.2: STM results on Au(5)/Pt(x)/Nb(50)/Si systems. All measure-
ments were carried out by Dr Chi Ming Yim [165]. a) The sample struc-
ture. b) Topographic STM image for Au(5)/Pt(2)/Nb(50)/Si. c) Differ-
ential conductance spectra recorded at T = 2.4 K from the surface of the
Au(5)/Pt(x)/Nb(50)/Si samples with x=: (black) 2 nm, and (red) 10 nm.
d) dI/dV spectra taken from the sample with x = 2 nm, at different tem-
peratures. e) 1 - normalised dI/dV , at V= 0, as a function of temperature.
In c)-d), dI/dV spectra were recorded using the standard lock-in technique,
with frequency and amplitude of modulation set at 413 Hz, and 0.2 mV re-
spectively, all superconducting spectra were normalised to the normal state.

The dI/dV spectra recorded at the surface of both the x = 2 nm and
x = 10 nm samples are presented within figure 6.2c). For both sample struc-
tures there is a clear feature at the surface, approximately 3 mV in width,
which is typical of a proximity induced conventional superconducting gap
(see for example [166]). The amplitude of this gap feature is greatly reduced
for the x = 10 nm sample when compared with the x = 2 nm, almost fully
gapped, result as might be expected if the platinum layer is partially iso-
lating the copper from the niobium or indeed if the pairs, for some reason,
cannot survive inside the platinum effectively or are destroyed. This latter
explanation may also provide a natural interpretation of the delayed onset
of an observed net diamagnetic screening response with temperature since
it opens up the possibility of generating unconventional pairs, via either
spin-orbit or weak ferromagnetism, that will in turn generate an opposing
paramagnetic response. This opposing response could, over some temper-
ature window in a way dependent on the relative densities of conventional
and unconventional pairs, cancel out or even dominate over the diamagnetic
screening of the conventional singlets. To investigate the superconducting
gap feature further, and to look for any signs of unconventional pairs which
may manifest as states within the gap as suggested by the experimental
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results in references [114, 167, 168], differential conductance spectra were
recorded as a function of temperature for the x = 2 nm sample. The re-
sults of these measurements are shown in figure 6.2d). The height of the
coherence peaks and the depth of the trough get progressively smaller with
increasing temperature as Tc is approached. This is reflected in the linear
dependence of (1− dI/dV ) at zero bias on temperature as plotted in panel
e). This confirms the origin of the gap feature on the gold surface. There
appears to be no evidence of states appearing within the gap at any of the
measured temperatures suggesting that any unconventional pairs present
within the system do not survive over a lengthscale long enough to reach
the surface. As a final note, whilst for a “conventional” triplet supercon-
ductor the expected tunnelling spectra appears as the BCS gap but with a
additional states appearing at zero bias, there is no reason to believe that
proximity induced states will behave in the same way. Only a single de-
tailed experimental study has been performed on these systems where the
gap structure appeared to vary spatially across the sample surface [168].
Further work is required to disentangle the possible contributions to the
spectra at the surface in these systems. Not least the effect of impurities,
disorder and roughness which are clearly evident features in the topographic
map shown in figure 6.2a) and have been shown in the aforementioned study
to correlate with the different types of measured gap structure.

The combined results of the LEµSR and STM measurements on the NnS
and NnSF sample structures show that the inclusion of the platinum layer
at the N/S interface has a significant effect on the behaviour of the sample.
It appears that the superconductivity is suppressed by the platinum, which
prevents any appreciable enhancement to the screening response associated
with the presence of the normal metal layer but still allows the copper to
proximitise through a spacer layer up to at least 10 nm thick. The delayed
onset of the response on the copper side when compared with Tc, and indeed
the onset observed within the bulk of the niobium layer, suggests this is not
simply a mean free path or partial isolation effect. The STM results do show
the presence of a gap at the surface of the sample, even in the sample with
a 10 nm thick layer of platinum at the N/S interface, but no clear signature
of any unconventional states could be extracted from the spectra measured
at the surface. The results presented within this section are specific to
the inclusion of platinum and warrant further exploration of its use as a
“normal” metal layer within these thin film heterostructure systems.
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6.2.2 The effect of a platinum spacer layer on the S/F proximity

As discussed within chapters 4 and 5 the new electromagnetic proximity
theory has provided a means to interpret a number of previously anomalous
observations within this field [39, 60, 82, 85]. The results presented within
chapter 5 explored the dependence of the electromagnetic proximity on the
coupling between the superconductor and the ferromagnet. Whilst a clear
connection between AEM and the coupling strength was established, mean-
ing the source is somehow the interaction between S and F, the mechanism
through which the EM proximity effect is generated within these systems
could not be unambiguously identified. Within this section the focus is on
manipulating the S/F interface, and the associated proximity effects, us-
ing instead a thin platinum spacer layer. As presented within section 6.2.1
platinum clearly has an effect on the proximity across the N/S interface so
it may be expected to alter both the direct and EM proximity occurring at
the S/F interface.

In order to investigate the effect of a platinum spacer layer on the
S/F proximity an NSnF sample of the form Cu(40)/Nb(50)/Pt(2)/Co(2.4)/
Nb(3)/Si was grown under the same conditions, and using the same nio-
bium target purity, as sample Set I defined in chapter 3. In light of this
the relevant control samples for comparison are S(I), NS(I) and NSF(I) as
previously measured and modelled in detail within chapters 3 and 4. The
standard set of LEµSR measurements were carried out on this NSnF sample
structure and the results of both the energy and temperature scans are pre-
sented within figure 6.3. The top panel of figure 6.3a) displays some example
muon stopping profiles for the platinum spacer sample. For Eµ ≥ 20 keV the
muons begin to sample the region around the Pt(2)/Co(2.4) interface. The
corresponding vertical lines indicate the average probing depth in each case.
The main panel of figure 6.3a) presents the results of the averages analysis
of the muon data. The plotted points represent the extracted flux averages
as a function of the average probing depth where the plotting convention
is consistent with that used in figure 6.1. Error bars are also plotted for
each measurement point and typically fall within the range of (0.1− 0.3) G

which in some cases is smaller than the symbol size. For all normal state
data points the applied field, which was set to around 302 Oe, is recov-
ered. In the corresponding superconducting state measurements there is a
flux lowering observed across all probing energies. The average field values
show a total screening amplitude of roughly 5 G which when compared with
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the control NS(I) response of 4.5 G appears to suggest the NSnF sample
is behaving simply like the corresponding bilayer. This implies that the
EM effect is largely destroyed simply due to the presence of a 2 nm thick
platinum spacer layer. This is curious since in the previous chapter it took
8 nm of oxide at the S/F interface to completely kill-off AEM . Focusing
instead on panel b) of figure 6.3, however, it is possible that the previous
statement was a bit premature.
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Figure 6.3: LEµSR results for the trilayer with a platinum spacer layer at
the S/F interface. a) The top panel shows the stopping profiles for a range of
different incoming muon energies with the average probing depths indicated
by the corresponding vertical lines. For Eµ ≥ 20 keV the muons begin to
sample the Pt/Co/Nb layers (not shown). The main panel presents the
results of the averages approach to analysing the LEµSR data. All normal
(superconducting) state data were measured at T = 10(2.5) K and are
plotted using open (closed) symbols. The lines are just a guide to the eye.
b) The average field as a function of the sample temperature where the
line is just a guide to the eye. The data were measured at a fixed muon
energy of 11 keV which sampled symmetrically about the CuNb interface.
The horizontal line marks the applied field B0 and the vertical dashed line
indicates the sample Tc found from transport measurements.
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Plotted are the average flux values, measured for a muon probing energy
of 11 keV which focuses around the NS interface for maximal signal, as
a function of the sample measurement temperature. The vertical dashed
line indicates the sample Tc which was determined via transport measure-
ments to be 7.6 K. It is immediately obvious that the delayed onset of the
screening with temperature previously observed within the copper layer of
the NnSF structure is replicated. In both systems the size of the shift is
approximately 2 K. Interestingly, the temperature scan in this case was
conducted at a probing energy which measured predominantly across the
N/S interface far away from the platinum layer. This implies that a plat-
inum layer at either side of the niobium can suppress the apparent onset of
screening with respect to Tc. The extracted averages appear to show a slight
up-tick in the measured flux over the region where no diamagnetic response
is observed. The reason for this is not clear but it may be related to two
conflicting contributions to the total flux profile within that temperature
window.

Given that the energy scan measurements were conducted at only 3 K

below the onset temperature ((Tc − 2) K) of a net diamagnetic screening,
it no longer seems appropriate to directly compare the extracted NSnF
amplitude to the NS(I) result which was measured almost 6 K below its
respective onset temperature (Tc). Additionally, it is not clear whether
the observed delay in the screening response corresponds to two opposing
contributions cancelling out over a small temperature window or whether
no screening is taking place at all until some lower threshold temperature
is reached. What is clear, however, is that the thin platinum layer at the
S/F interface is able to influence the measured behaviour across the full
spatial extent of the sample. In light of this, it is possible that the platinum
layer modifies the EM response at the S/F interface generating a sharp
paramagnetic amplitude, which is cancelled by the diamagnetic Meissner
screening, the latter only beginning to dominate at temperatures lower than
5.5 K. Further evidence for this can be seen from the data presented within
appendix D where a comparable structure, this time with a Cu(2) spacer
layer and a niobium quality consistent with Set II, was measured in the
same way. The results on the copper spacer sample suggest the conclusions
of chapter 5, that the gap strength in addition to the coupling strength
between S and F, may be important also within these systems involving
normal metal spacers. In the case of the copper, whilst the magnitude of the
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EM proximity response is reduced when compared with NSF(II), possibly
due to the proximity induced gap being weaker than the gap of the niobium,
the sign is preserved. In the case of the platinum spacer, on the other hand,
owing to its unusual material parameters the results seem to suggest the
magnitude of AEM is reduced, possibly also due to a weaker gap, and the
sign appears to have flipped. The EM proximity theory predicts a change
in sign concurrent with a change in R = dF/ξf and suggests that for a dirty
system, such as the ones studied here, the generated amplitude decays with
increasing R [40]. In the case of the Pt(2) spacer layer, in the presence
of the applied field, the value of R could very well be altered whereby the
full Pt(2)/Co(2.4) segment becomes a sort of composite ferromagnetic layer.
This could drive the system into a regime where a smaller but paramagnetic
EM response is instead generated. In order to test this hypothesis in detail,
further study of the field dependence of the measured signal is required
since the ability of the platinum to generate unconventional superconducting
states will scale with the applied field. It is important to note, however,
that in the case of the NnSF sample a similar, albeit smaller in amplitude,
effect is present around the CuPtNb interface region remote to the cobalt.
This seems to suggest that the cobalt layer is not required to produce the
observed delayed onset in the net screening.

6.3 Platinum as the normal metal layer

Within the present section platinum is used as a replacement for copper
in both the bilayer and trilayer sample structures. Given the results of
the experiments carried out on the samples with spacer layers in section
6.2, platinum appears to both be a useful tool for investigating the var-
ious contributions to the muon signal and is interesting in its own right
as a material layer within these sample structures. The experimental ob-
servations suggested the possibility of the platinum hosting unconventional
superconducting states and a resultant flipping in sign of the electromag-
netic contribution to the muon signal. Further measurements and modelling
are required to draw any strong conclusions however. In order to further in-
vestigate this possibility, and in order to probe the response of platinum in a
more focused way, a set of detailed LEµSR measurements were performed on
samples with thick Pt layers. It was hoped that these measurements could
shed some light on the behaviour of the platinum spacer layers presented
within section 6.2.
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6.3.1 LEµSR results on platinum bilayer samples

In this work the focus is on the behaviour of platinum bilayer systems.
LEµSR measurements as a function of probing energy, temperature and
applied field are performed on these sample structures and some startling
experimental results obtained. In many cases the results provide further
insight into the observations of section 6.2. The samples studied here are
simple NS bilayers of platinum and niobium. It has already been demon-
strated that the addition of a ferromagnetic layer greatly boosts the ob-
served measurement signal via the action of an EM proximity effect. This
maximises the chances of observing any novel effects occurring within the
sample platinum layers, however, the addition of the ferromagnetic layer
also increases the muon depolarisation rate and complicates the physics of
the sample. Rather than include a further layer of complication the deci-
sion was made in this study to simply increase the thickness of the niobium
layer such that the Meissner screening signal would be increased.41 With
the aim of being able to both study the platinum layer in detail and to
reach the niobium layer, in order to probe the associated physics occurring
therein, two bilayer sample structures of differing platinum layer thickness
were grown in the same way as described within section 3.2:

i) A Pt(60)/Nb(100)/Si system, the purpose of which was to probe around
the Pt/Nb interface and into the niobium layer. The hope was to
both study the effect of the platinum on the screening response of the
niobium and investigate the possibility of an EM response associated
with the platinum layer.

ii) In order to probe the platinum side of the interface in more detail
a second bilayer of the form Pt(100)/Nb(100)/Si was also grown and
measured.

Within this section the conventional averages approach to the muon data
analysis, discussed in detail within section 2.1, is taken as opposed to a full
spatial profile analysis. This is in part due to a lack of control samples
specific to this sample series and in part because this work provides a first
look at what is happening within these wholly platinum-niobium based
systems.

41The only associated downside is that the samples previously measured, and grown
under the same conditions, can no longer be used as quantitative control samples since
the behaviour will now be very different.
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To get a handle on the behaviour of the full Pt/Nb interface region an en-
ergy scan on the Pt(60)/Nb(100)/Si bilayer system was first performed. The
results of this measurement are displayed within figure 6.4 which presents
plots of the extracted average flux and the muon depolarisation rate as a
function of the average probing depth. The top panel of figure 6.4a) presents
some sample muon stopping profiles for the Pt(60) bilayer where the corre-
sponding vertical lines indicate the average stopping depth in each case.
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Figure 6.4: LEµSR results for the Pt(60)/Nb(100) bilayer sample. a) The
top panel displays the muon stopping profiles plotted for a few select ener-
gies. The corresponding vertical lines indicate the average probing depths in
each case. The main panel shows the extracted averages plotted as a func-
tion of the average probing depth. b) The plotted points indicate the muon
depolarisation rate as a function of the average probing depth. Included
for reference are the λ values, indicated by the horizontal lines as labelled,
for Nb and the comparable purity NS bilayer. In a)-b) the open (closed)
symbols correspond to the normal (superconducting) state measurements
conducted at T = 10 K (T = 2.5 K). The lines are a guide to the eye.
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The layer thicknesses were designed such that the full range of measurement
energies, which spanned a range (7− 27) keV in this case, allowed:

i) the platinum to be uniquely probed for Eµ < 19 keV ,

ii) the interface region to be probed approximately equally from both sides
for Eµ = 19 keV and

iii) the niobium layer to be predominantly sampled for Eµ > 19 keV .

Perhaps the most key of these measurement energies, as it turns out, is
Eµ = 19 keV as will be discussed in detail in what follows. The main panel
of figure 6.4a) displays the results of the conventional averages approach
to the muon data analysis plotted with reference to a simple schematic of
the sample structure which indicates the position of the interface for ref-
erence. All normal state measurements were performed at a temperature
of T = 10 K and are plotted using open symbols. The corresponding su-
perconducting state measurements were carried out at a temperature of
T = 2.5 K and are plotted using closed symbols. Within the normal state
the applied measurement field, which was set to around 302 Oe, was re-
covered across all of the measurement energies. The superconducting state
results are, however, a different story entirely. The measurement energies
which probe primarily the platinum, Eµ < 19 keV , appear to return a net
signal within error of the applied measurement field. Turning to the en-
ergies focused on the bulk of the niobium, Eµ > 19 keV , it is clear that
there is a large diamagnetic screening developing towards the centre of the
superconducting layer as expected. At first glance the results look like an
N/S proximity but where the N layer has a low mean free path and does
not readily proximitise but the key measurement at Eµ = 19 keV indicates
something far more interesting is going on. For a muon probing energy of
exactly Eµ = 19 keV the corresponding stopping profile clearly shows an
average stopping distance very close to the interface between the platinum
and the niobium.42 If the sample was generating no signal within the plat-
inum and a Meissner screening within the niobium then the expected result
would be a significant flux lowering associated with the muons sampling the
first 30 nm of the superconductor. Instead the measurements show only a
slight flux lowering, roughly equivalent to the error bar on the data, when
compared with the corresponding normal state data point. This strongly

42In the standard CuNb bilayers samples previously measured this probing energy
would correspond to the maximum signal amplitude as presented within chapter 3
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suggests that the weighted sampling across the Pt/Nb interface is averaging
two separate contributions to the total signal: a diamagnetic component and
an equally weighted paramagnetic response, over the spatial width of the
stopping profile. Given the results for Eµ < 19 keV , which sample largely
on the platinum side of the interface and measure no net response, this
second component seems to be appearing within the niobium layer. Fur-
ther evidence for this can be seen from the results of extracting the muon
depolarisation rate as a function of the average probing depth. The results
of this analysis are presented within figure 6.4b) using the same plotting
convention as for the average field data within panel a). The normal state
data show the muon depolarisation rate (λ) within the platinum layer is
extremely small. This is advantageous in the quest to resolve small dif-
ferences since the damping on the signal is exceedingly small within this
region.43 As the probing energy increases and samples progressively more
of the niobium the depolarisation rate begins to increase towards the usual
normal state value of ≈ 0.3 MHz for niobium which is associated with its
nuclear depolarisation. Within the normal state spatial dependence of λ
it is clear that for Eµ > 11 keV the muons begin to sample the niobium
since it is at this point the average value begins to climb. In addition, for
Eµ = 19 keV the average λ value reflects the approximately 50/50 sam-
pling of the platinum and niobium layers. In the superconducting state
the results show an increase in λ across all measurement energies. This is
interesting since it implies the superconductivity, whilst not generating a
measurable screening current, is influencing the full spatial extent of the
platinum layer. Interestingly, at Eµ = 19 keV there is a clear signature
the sample is superconducting and flux gradients are present since there is
a rapid increase in λ towards values typical of the superconducting bilayer
response. At the highest energies, for which a clear diamagnetic Meissner
response is seen in the average field, the system settles on λ ≈ 0.6 MHz

which is directly comparable to the response of the niobium layer within
NS(II) shown in figure 3.6. This implies that deep within the niobium the
flux gradients are similar to those associated with the standard cosh profile
across the CuNb bilayer sample.

In order to investigate the platinum layer in more detail a corresponding
energy scan was performed on the Pt(100)/Nb(100)/Si bilayer system. The

43A feature of platinum which will be important for the measurements performed on
the Pt(100) sample presented within figure 6.5.
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results of these LEµSR measurements are presented within figure 6.5. The
top panel of figure 6.5a) presents the corresponding muon stopping profiles
for a set of energies spanning the full measurement range. The correspond-
ing vertical lines in each case indicate the average probing depths which all
lie within the platinum layer. For Eµ < 27 keV all muons stop only within
the platinum layer, which extends beyond the x-axis of the figure, whilst at
Eµ = 27 keV a small fraction of muons sample the niobium layer.
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Figure 6.5: LEµSR results for the Pt(100)/Nb(100) bilayer sample. a) Top
panel: muon stopping profiles for a range of different probing energies. The
corresponding vertical lines indicate the average probing depth for each
incoming muon energy. Even at the highest measurement energy (Eµ =
27 keV ) all muons stop within the Pt(100) layer. Main panel: the results
of the conventional approach to the data analysis are shown. The plotted
points represent the average field as a function of the average probing depth.
b) The plotted points indicate the muon depolarisation rate as a function of
the average probing depth. In a)-b) the open (closed) symbols correspond to
the normal (superconducting) state measurements conducted at T = 10 K
(T = 2.5 K). In each case the lines are simply a guide to the eye.
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The results of the averages analysis to the muon data are presented
within the main panel of figure 6.5a) where all the measurement and plot-
ting conventions are consistent with figure 6.4. Within the normal state the
applied field, in this case set to around 302.3 Oe, was simply recovered. The
corresponding superconducting state measurements show no discernible dif-
ference in average field values when compared with the normal state. Even
given the small error bars, thanks in part to the exceedingly low muon de-
polarisation rate within the platinum, no systematic difference in average
field is resolved above and below Tc which suggests a lack of a measur-
able screening response across the full material layer of platinum. This null
result also indicates that within the temperature range (2.5 − 10) K the
properties of the platinum layer are not changing appreciably enough to
alter the measured field. The story is different, however, when one consid-
ers the behaviour of the second moment with average probing depth. The
results of extracting λ as a function of the average probing depth, measured
above and below Tc, are shown within figure 6.5b). There is a clear shift
in the depolarisation rate within the superconducting state to higher values
across all measurement energies. This is indicative of some measure of the
superconductivity extending across the full spatial extent of the platinum
layer. Given the shift is largely constant across all energies the origin may
be stray field related. The shift in λ does therefore provide a proxy to indi-
cate the niobium layer, which cannot be probed directly, is superconducting.

In addition to the energy scans performed on both the platinum bilayers,
temperature scans at a fixed muon probing energy were also carried out. The
results of the temperature scans on both are presented within figure 6.6. In
the case of the Pt(60) bilayer for high muon probing energies the average
field and the muon depolarisation rate show a systematic behaviour with
decreasing temperature, however, in the Pt(100) sample the average field
values show no discernible difference in signal above and below Tc though
it is still possible to monitor the superconductivity via the behaviour of
λ. Figure 6.6a) presents the extracted average field values as a function of
temperature for the Pt(60) sample measured at a fixed muon probing energy
of 27 keV . The applied field B0, which was set to approximately 302 Oe

for the duration of the measurement, is indicated by the solid horizontal
line for reference. In addition, the sample Tc was determined via transport
measurements to be 8.3 K and is indicated by the dashed vertical line.
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Figure 6.6: The temperature scan results for the platinum bilayers. a) The
average field plotted as a function of the temperature for the Pt(60)/Nb(100)
bilayer measured using a muon probing energy of Eµ = 27 keV . B0 indi-
cates the applied measurement field. b) The muon depolarisation rate as
a function of the measurement temperature for the Pt(60)/Nb(100) with a
fixed energy Eµ = 27 keV . c) The muon depolarisation rate as a function
of the measurement temperature for the Pt(100)/Nb(100) sample measured
at Eµ = 11 keV In a)-c) the vertical dashed lines indicate the corresponding
sample Tc values extracted from transport measurements and the connecting
lines are just a guide to the eye.

The average flux values show the signal is onset at Tc and develops lin-
early with decreasing temperature until it begins to level-off for the lowest
measurement temperatures. Contrary to the samples with platinum spacer
layers there is no evidence of a temperature shift of the net response with
respect to Tc at the muon probing energy. Given the possible net para-
magnetic response would be spatially localised at smaller probing depths
near the Pt/Nb interface, only a small weight of muons stop within the
region of the sample where it may dominate over the diamagnetic screen-
ing. The measurement response at Eµ = 27 keV shows the development
of the diamagnetic screening with decreasing temperature, which as seen
in panel a), takes a conventional form. The corresponding temperature de-
pendence of the depolarisation rate, displayed in panel b) of figure 6.6, is
highly consistent with this interpretation. For the Pt(100) bilayer sample
the muon depolarisation rate as a function of the average probing depth
was measured for a fixed muon probing energy of Eµ = 11 keV . The results
are presented within figure 6.6c). The data points represent the extracted
values and the dashed vertical line indicates the sample Tc value of 8.2 K

found from simple transport measurements. Once again the increase in λ
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is clearly onset at the superconducting transition temperature and develops
with decreasing temperature until it levels off towards the base temperature
of the measurement system.

The final measurement performed on the platinum bilayer structure was
the field scan presented within figure 6.7. This was measured at a prob-
ing energy of Eµ = 27 keV for the Pt(60)/Nb(100)/Si system. The figure
plots δB = 〈B10 K〉 − 〈B2.5 K〉 against the applied measurement field. The
data points are the extracted values whilst the connecting line is the best-fit
power law description optimised using the Levenberg-Marquardt method as
discussed in appendix A. Interestingly, the data show a non linear reduc-
tion in the system response with decreasing applied field. The power law,
δB = αB

3/2
0 , is an excellent description of the data, at least over the small

range of experimentally accessible applied field values, showing the mea-
sured effect dies off more rapidly than a standard Meissner response. The
origins of this apparent power law dependence are, however, unclear.

-12

-8

-4

0

0 100 200 300

applied eld (Oe)

B
 (

G
)

B = 0

T=2.5K

E
�
=27keV

B=-2x10-3B0
(3/2)

Figure 6.7: The field dependence of the muon signal for the Pt(60)/Nb(100)
bilayer sample. The plotted points indicate the difference between the ex-
tracted average field values measured at T = 10 K and T = 2.5 K, using a
probing energy of Eµ = 27 keV , plotted as a function of the applied mea-
surement field. The solid line is the (3/2) power law fit to the data with the
corresponding equation displayed where the fit was optimised as discussed
within appendix A. The horizontal dashed line represents a zero screening
amplitude.
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The field dependence measured on the NSF(I) system in chapter 3, on the
other hand, is almost perfectly linear down to low applied field. As noted
within section 3.4.4 and appendix E the extraction of average field values
becomes more difficult for low applied measurement fields. Whether or
not the data indeed tend toward δB(0) = 0, as is suggested by the low
field values in figure 6.7, or instead extrapolate to a positive y-intercept is
therefore not easy to determine for certain simply from these transverse field
measurements. In order to better investigate the physics at low and zero
applied field, muon measurements in alternative longitudinal measurement
geometries could be vital.

Taken all together the results of the energy, temperature and field scans
on these platinum based bilayer structures suggest that either the presence
of the platinum is having a severely damaging effect on the superconductiv-
ity within the niobium layer or is producing a compensatory paramagnetic
feature that dies off over a lengthscale on the order of a few tens of nanome-
ters into the niobium. The former mechanism seems highly unlikely and
it is difficult to think of a physically justifiable reason for the platinum to
be so damaging to states deep within the niobium. The latter explanation,
on the other hand, provides a natural framework in which to interpret the
results and is in agreement with some of the results on the platinum spacer
samples which implied the presence of a sign reversed AEM . The non-linear
field dependence of the total signal amplitude points to something other
than a simple orbital effect, perhaps related to the magnetic susceptibility
of the platinum though further measurements, possibly using the SQUID
to probe the magnetic characteristics of the platinum, are required before
any firm conclusions can be drawn.

Given the evidence available at the time of writing it was not possible
to model this data using the full spatial analysis method. The results of the
energy scans on the Pt(60)/Nb(100) and Pt(100)/Nb(100) bilayer samples,
however, suggest a small pool of possible profiles which could sensibly gen-
erate the observed average data. A schematic diagram of one such profile
is presented within figure 6.8. This proposes the full superconducting state
profile (Bs(x)) to be the sum of a standard Meissner screening (Bms(x))
profile with a paramagnetic EM response, of amplitude AEM , originating at
the Pt/Nb interface. This choice would also be broadly consistent with the
measurements on platinum spacer samples presented within section 6.2.

140



Rhea Stewart 6 PLATINUM WITHIN N/S/F HETEROSTRUCTURES

284

292

300

308

0 40 12080 160

fi
e
ld

 (
G

)

probing depth (nm)

Eμ=19keV

Bms(x)

BS(x)

AEM 

Pt Nb

BN(x)

Figure 6.8: A schematic diagram showing one possible spatial profile for
the screening response across the Pt(60)/Nb(100) bilayer sample. In the
normal state, a constant applied field profile is represented by BN(x) The
full superconducting state profile (BS(x)) is composed of two contributions:
a standard Meissner screening (Bms(x)) and a paramagnetic EM response,
of amplitude AEM , generated at the Pt/Nb interface. The Eµ = 19 keV
stopping profile is shown alongside to illustrate the possibility for two such
contributions to cancel across the width of a stopping profile as indicated
by the shaded regions.

The Meissner screening component Bms(x) was chosen to be consistent
with the response of NS(II) which, as the quasiclassical calculations pre-
sented within figure 3.8 suggest, should not be too dissimilar to a Nb(100)
thin film response. In addition, the value of AEM was set to be 8 G such that
over the width of the 19 keV stopping profile the two contributions largely
cancel out as indicated by the sampled shaded regions. An EM component,
of either sign, can only be generated where the niobium comes into contact
with an additional source of vector potential. In the case of platinum this
could potentially be provided by spin-orbit interaction or Stoner enhanced
paramagnetism. Whilst no firm conclusions can be drawn from figure 6.8
without a full implementation of the model on the data it is suggestive of
what may be going on within these samples.
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6.3.2 LEµSR results on a platinum trilayer

As a final test of the properties of platinum within S/F hybrid heterostruc-
tures a simple platinum based trilayer was grown, using the same growth
system and purity niobium target as sample Set I discussed within chap-
ter 3, and measured using LEµSR. The original aim of these measurements
was to investigate whether the platinum layer is capable of generating a
paramagnetic Meissner response, such as the one observed for a AuHoNb
system [32], due to the presence of unconventional superconducting states
generated by the platinum. This would rely on the Stoner enhanced proper-
ties of platinum whereby, due to a large density of states at the Fermi level
resulting in a large magnetic susceptibility, in an applied magnetic field the
conventional Cooper pairs can be phase shifted in such a way as to gen-
erate triplet correlations. No net screening amplitude was observed within
the platinum layers of the bilayer sample structures, however, a clear sig-
nature of superconductivity deep in the platinum layer was reflected within
the behaviour of λ as a function of temperature. Whether or not this was
simply due to stray fields associated with steep flux gradients within the
niobium is difficult to determine, though the STM measurements on the
platinum spacer samples show the superconductivity can traverse at least
10 nm of platinum.44 One possible explanation of zero net screening in the
platinum could be the generation of equal paramagnetic and diamagnetic
screening densities which cancel out though this is largely conjecture. Ex-
tension to the trilayer case is expected to have two consequences on the flux
profile. The EM proximity at the S/F interface should boost the overall sig-
nal amplitude whilst pair breaking effects will reduce the standard Meissner
screening response. It was initially unclear whether or not this would turn
out to be advantageous for the aims of this measurement or whether the
inclusion of the strongly ferromagnetic layer would have any effects on how
the screening current interacts with the thick platinum cap.

The trilayer structure measured was of the form Pt(60)/Nb(50)/Co(2.4)/
Nb(3)/Si. It was hoped that the Co layer would give the overall signal a
boost and that the thicker Pt layer, when compared with the usual thick-
ness of copper, would allow both the Pt layer and the Pt/Nb interface to
be probed in a more spatially localised way whilst avoiding pollution of the
signal due to the expected diamagnetic response of the Nb. The results of
the performed LEµSR measurements are presented within figure 6.9.

44This suggests ξS ≈ 7 nm within the platinum layer.
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Figure 6.9: LEµSR results on a Pt(60)/Nb(50)/Co(2.4)/Nb(3)/Si trilayer
sample. a) The top panel presents some sample muon stopping profiles for
the platinum trilayer where the corresponding vertical lines represent the
average probing depth in each case. Main panel: The average field as a
function of the average probing depth is plotted. The applied measurement
field B0 is indicated for reference. b) The muon depolarisation rate as
a function of the average probing depth. In a)-b) the open (closed) data
points represent measurements taken in the normal (superconducting) state
at T = 10 K (T = 2.5 K). The lines are just a guide to the eye.

Within the top panel of figure 6.9a) are presented the muon stopping
profiles, plotted over a range (10−70) nm, where the corresponding vertical
lines indicate the average probing depths. Importantly for Eµ ≤ 8 keV the
muon stopping profiles are localised to the platinum layer. For any sub-
sequent increase in Eµ, the stopping profiles begin to sample the niobium
layer with increasing weight. For Eµ = 20 keV the average probing depth is
close to the Pt/Nb interface. Within the main panel of figure 6.9a) are plot-
ted the results of the averages approach to analysing the LEµSR data. All
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normal state measurements were conducted at a temperature of T = 10 K

and are plotted using open symbols. The corresponding superconducting
state measurements were performed at T = 2.5 K and are indicated by the
closed symbols. In the normal state, as with all measurement series, the
applied measurement field was recovered. In this case B0 ≈ 300.8 Oe as
indicated by the solid horizontal line. Within the superconducting state,
for the majority of energies, there is no clear difference in the data above
and below Tc. Within the platinum layer at the lowest sampled energy,
which captures the surface 50% of the platinum, there appears to be a net
paramagnetic response, however, for Eµ = (6 − 17) keV there is no real
net difference. At the highest measured energies, Eµ = (20, 23) keV , only
a very small net diamagnetic amplitude of approximately 0.4 G is observed
despite a stopping profile which significantly samples the niobium layer and
the addition of the cobalt layer to boost the signal amplitude.

The average flux data presented within figure 6.9 are somewhat similar
to the results for the thin gold capped sample in appendix F. This suggests
that within the trilayer structure, in contrast to what was observed within
the platinum bilayer and spacer samples, the platinum does not seem at
first glance to be contributing to the measured screening. It is possible,
however, to explain the data in a way consistent with the previous obser-
vations as follows. Within the platinum layer there is no net signal, this
would be consistent with the observations made on platinum bilayers within
section 6.3.1, and that the total amplitude within the niobium layer com-
prises three separate contributions: the normal Meissner screening which
is known to be at most 1 G for samples grown using lower purity Nb; the
diamagnetic AEM , that appears to scale somehow with the screening cur-
rent, associated with the Co(2.4) layer and a paramagnetic AEM associated
with the platinum interface. Given the overall amplitude of approximately
0.4 G it seems likely that within this picture the two opposing EM contri-
butions are similar in magnitude such that the net result is close to, but
slightly smaller than, the expected Meissner amplitude for a corresponding
probing depth of up to 30 nm into the niobium. If it were possible to probe
nearer the region close to the S/F interface the opposite effect, that the
amplitude is slightly larger than the expected Meissner response, ought to
be observed. If this interpretation is along the right lines, one might expect
the behaviour of the depolarisation rate as a function of the average probing

144



Rhea Stewart 6 PLATINUM WITHIN N/S/F HETEROSTRUCTURES

depth to also be consistent with the behaviour observed for the platinum
bilayer samples. Figure 6.9b) presents the extracted λ values as a function
of the average probing depth above and below Tc. The corresponding plot-
ting and measurement conventions are the same as those used within panel
a). Across all energies there is an increase in λ below the superconducting
Tc when compared with the values in the normal state. It is more difficult
to see precisely the point at which the weighted niobium sampling begins
to dominate over the platinum since the whole behaviour is moderated by
the exponential increase in rate as the average depth approaches the ferro-
magnetic layer. The shift in λ above and below Tc is, however, smaller than
in the bilayer samples which had both thicker and higher quality niobium
and no possibility of an opposing AEM due to the lack of a cobalt layer.
This suggests that any change in flux gradients associated with Tc within
the trilayer are smaller. This could reflect both a lower signal amplitude
or the superposition of three partially cancelling signals since both would
result in a flatter flux landscape than observed within the bilayer systems
hence the smaller shift in rate.

6.4 Discussion and conclusions regarding the results on

platinum within NSF heterostructures

In the first part of the chapter, an investigation into the effects of insert-
ing thin platinum spacer layers at both the N/S and S/F interfaces was
presented. Here it was concluded, from the results of STM measurements
performed at the sample surface, that the platinum layers were transparent
to superconducting pairs for thicknesses of up to at least 10 nm. Within
the copper layer of the NnS and NnSF samples, however, only a very small
screening amplitude of ≈ 1 G was observed. This lack of a substantial re-
sponse within the copper layer could be related to many different factors: a
lower mean free path of platinum when compared with copper, which as seen
from the quasiclassical calculations presented within figure 3.8, could result
in the screening remaining entirely contained within the niobium; a high
interface resistance at the Pt/Nb interface; a short spin diffusion length,
which would prevent the transmission of spin correlations, within the plat-
inum; or two compensating effects occurring over the same region being
averaged by a muon stopping profile. The first of these explanations ap-
pears to be the most likely but cannot be the only mechanism at play since
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the net signal for all platinum containing samples is always significantly
reduced, rather than being identical, when compared with the relevant con-
trol sample. Moreover, the curious temperature dependence observed, so
far only in systems involving both thin platinum spacers and cobalt lay-
ers, could potentially be explained via a gap dependence of some additional
paramagnetic component of the signal. The temperature dependence of the
signal within S(II), please see appendix D, suggests the gap builds up down
to temperatures of ≈ 5 K with any further decrease in temperature not
resulting in an appreciable further increase in the screening response. Cu-
riously, the delayed diamagnetic response for the platinum spacer samples
begins to kick in at around T = 5.5 K. It seems plausible that the possible
paramagnetic component could scale with the niobium gap strength in such
a way that it exactly cancels the diamagnetic component of the full NS sec-
tion over some temperature window. For the samples measured here, this
appears to be the case until a threshold is reached at T = 5.5 K where the
temperature dependence of the NS section begins to dominate over the gap
and a net diamagnetic response is observed.

The latter half of the work focused on the properties of thick material
layers of platinum. The observations made within the section on platinum
based bilayers strongly suggest that in addition to the standard diamagnetic
screening response there is a paramagnetic amplitude at or near the Pt/Nb
interface. This was hinted at through both the absence of a net screening
response deep within the niobium and the increase of λ below the super-
conducting transition which implied the occurrence of flux gradients around
the interface region. These observations were so clear, in part, thanks to the
exceedingly low base muon depolarisation rate within the platinum in this
simple structure. Interestingly, the field dependence of the signal dropped
off in a non-linear and more rapid fashion than expected for a standard
Meissner screening effect which, suggests the possibility of an additional
component to the field dependence. This could be related to the material
properties of platinum though the precise nature of the effect is difficult to
ascertain from the present evidence. SQUID measurements, to fully char-
acterise the behaviour of the platinum layer, and muon measurements in
zero field or which utilise alternative measurement geometries could be key
to understanding its origins.
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In light of the measurement results on the platinum bilayer systems, a
spatial profile involving the sum of a standard Meissner component with
a paramagnetic EM amplitude originating at the Pt/Nb interface was pro-
posed as a possible explanation for the data. A full implementation of
the model is required before any firm conclusions can be drawn but the
proposed profile does have the potential to explain the experimental obser-
vations. More generally, if the ideas from this proposed bilayer analysis are
extended across the other sample structures then a broadly self-consistent
picture starts to emerge. The possible presence of a substantial param-
agnetic EM component at the Pt/Nb interfaces requires there to be some
additional source of vector potential at the interface in question which acts
against the usual diamagnetic screening response. Possible sources include
the Stoner enhanced paramagnetism and strong spin-orbit coupling of plat-
inum. This further suggests the importance of detailed measurements on
the properties of these systems where it may also be useful to compare the
behaviour of platinum to that of other heavy metals.

The combined set of measurements performed on these NSF heterostruc-
tures containing platinum has demonstrated the importance of material
parameters to all aspects of proximity effects within SF hybrid systems.
Clearly the platinum has a substantial effect on the overall muon signal
which appears to involve the generation of unconventional states and the
possibility of an associated paramagnetic EM amplitude. A detailed spatial
analysis of the data and a solid determination of the origin of the obser-
vations through systematic characterisation measurements is required. In
order to achieve these aims further SQUID and muon experiments are likely
to provide added insight on the precise role of the platinum within these
structures such that more firm conclusions may be drawn.
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7 | Concluding remarks and fu-
ture outlook

The body of work discussed within this thesis has addressed a number of
interesting, and in some cases previously unknown, phenomena within S/F
hybrid heterostructures. The initial LEµSR experiments, conducted on sim-
ple thin film systems comprising normal metal, superconductor and ferro-
magnet layers, presented within chapter 3 were originally motivated by a
number of anomalous results in the field, not least the work reported in
[39] which uncovered, through the use of LEµSR, what appeared to be a
tunable and remotely induced magnetism within a normal metal. From this
earlier work, it was clear ferromagnetism was important in generating the
effect but its origins were unclear and it could not be interpreted within
any existing theory picture. The work discussed in chapter 3 sought to pin
down at what stage the existing theory failed to explain the experimen-
tal data. It was clear from these control measurements that both the thin
film superconductors and the NS bilayer systems could be successfully mod-
elled using the London and quasiclassical theories respectively. The point of
breakdown came when, through the addition of a thin ferromagnetic layer
to the underside of the superconductor, a large diamagnetic enhancement to
the screening was observed [60]. This work, along with references [39, 82],
prompted the development of a new theory to describe a substantial and
hitherto unknown effect: the electromagnetic proximity effect.

In light of the newly developed EM proximity picture, the focus of chap-
ter 4 was to both test the main predictions of the theory and examine
whether the data on simple S, NS and NSF structures could now be suc-
cessfully interpreted. Through application of a theoretical flux profile, con-
sistent with that predicted by theory, to the LEµSR data an excellent corre-
spondence between theory and experiment was found. At the very least this
suggested the core idea of the EM theory, that an additional source of vector
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potential at the S/F interface induces a screening response inside the super-
conductor over λL, was an appropriate description of the physics observed
at the S/F interface [84]. The measurements, however, could not identify
for certain the mechanism through which the additional vector potential
influenced the superconductor.

To further investigate the new theory a systematic experiment involving
the manipulation of the S/F interface using insulating oxide barriers was
conducted as discussed within chapter 5. The results of this study unam-
biguously determined that the direct sampling of the exchange field by the
superconducting wavefunction is the source of the EM proximity effect. It
was also demonstrated, through a full spatial analysis of the LEµSR data,
that the EM proximity within the measured systems was both substantially
larger than the effects of pair breaking and approximately constant for oxide
barrier thicknesses of up to 4 nm [83]. The former suggests the importance
of accounting for effects of electromagnetic origin when both interpreting
experimental data and within S/F device design. The latter motivates the
further development of theory to investigate how other factors, for example
the superconducting gap strength at the interface, may effect the generation
of the EM amplitude.

Within the final chapter the properties of platinum, both to generate
proximity effects in its own right and as a means to manipulate the N/S
and S/F interfaces, were investigated. A number of interesting observations
were made. The presence of platinum within the sample structures was
determined in all cases to have a profound effect on the sample behaviour.
The most likely explanation for the set of measurements as a whole was
that the platinum promotes the generation of a paramagnetic, as opposed
to a diamagnetic, electromagnetic amplitude whenever it forms an interface
with niobium. This is perhaps a surprising result since platinum is simply
a normal metal, albeit one with interesting material properties, however
the average muon data suggest this is the case. Moreover, the results of
temperature and field scans reflect an additional component to the signal
not observed within any system in which platinum is absent. In light of
the insight brought by the averages approach to the LEµSR data analysis
a full spatial analysis of the data may now be possible. This could involve
the application of analytical, or even numerical, flux profiles to the existing
data. A more systematic knowledge of the platinum material properties
and how the systems behave at low, or even zero, applied fields is required,
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however, before any detailed conclusions can be drawn. Future application
of SQUID magnetometry and LEµSR experiments conducted in alternative
measurement geometries could be key in uncovering the details of the mech-
anisms at play within the platinum systems and how these mesh with the
current understanding of proximity effects within these heterostructures.

The sum of the work presented across all four experimental chapters
represents a step-change in understanding of proximity effects within S/F
hybrid systems. An entirely new contribution to the flux profile was uncov-
ered and the associated theory of an underlying mechanism for its genera-
tion developed as a result. The remaining open questions largely fall within
three separate categories:

i) The precise origin, beyond simply the vector potential of the ferro-
magnetic layer, of the EM amplitude. More specifically, the role of
spin-orbit and Rashba effects within these systems and whether or not
they form an important basis for the generation of the EM amplitude.

ii) Expansion of the theory to account for other factors explicitly, such as
the superconducting gap strength at the interface, on which the EM
proximity may depend.

iii) How to optimise the S/F interfaces with the goal of specific applications
in mind. For example, does this newly described proximity theory have
an adverse effect on device physics and if so how can this be minimised?

With continued effort to address these questions the role of the EM prox-
imity effect within S/F hybrid systems can continue to be developed and
potentially utilised within devices.
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A | Details of the Levenberg -
Marquardt fit method

The Levenberg-Marquardt algorithm is a numerical recipe which solves least
squares problems that typically arise when fitting a parameterised function
to a set of fixed data points [95]. It does so by minimising the sum of the
squares of the errors between the data points and the fit function. This is
achieved through iterative updates to the parameter values. A schematic of
the minimisation protocol adopted by the Levenburg-Marquardt method is
shown in figure A.1. Here the function to be minimised is the least squares
function f(x). In regions where the solution is far away from a minimum the
algorithm uses the gradient descent method (GD) which updates parameters
in the direction of steepest descent and near a minimum the Gauss-Newton
(GN) method is adopted which assumes a quadratic local form to f(x) and
alters the parameters towards its minimum.

GD

GD

GN

GN

B

A

f(x)

Figure A.1: A schematic of the minimisation protocol adopted by the
Levenburg-Marquardt algorithm. In regions far away from the minimum
of the least squares function, f(x), it uses gradient descent (GD) and close
to a minimum it uses Gauss-Newton (GN). Where the initial parameter
guess is far away from the global minimum, A, it is possible to become
trapped in a local minimum, B.
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Given a “good” initial guess of fit parameters the Levenberg-Marquardt
algorithm is a reliable and efficient method to find a best fit, however, it
is important to note that if the initial input parameters are very far away
from the global minimum (A) then it is also possible to become trapped in
a local minimum (B) giving a misleading result.

If y(xi) represents the data measured at discrete points xi, with some
associated Gaussian experimental error of standard deviation σi, and yfit(xi)
the fit to be made to the data then the statistical error to be minimised is
given by equation A.1.

Err =
1

N

N∑
i=1

(yfit(xi)− y(xi))
2

σi
=
χ2

N
(A.1)

where N is the total number of discrete points and χ2 =
(yfit(xi)−y(xi))

2

σi
the

goodness of fit parameter. Where χ2 ≈ 1 there is a close correspondence
between the measured data and the fit. Typically, when fitting a data set
one looks for a set of parameter values which can offer a physically sensible
description of the data and a corresponding χ2 value close to unity.
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B | Transport data: definition
of the Tc and Hc2 criteria

This appendix gives further details about the analysis methods used for all
transport data. In particular, the criteria for Tc and Hc2 extraction are
given and justified. Figure B.1 shows an example set of transport data
measured on the Nb(50 nm) film from sample Set II 45 which we will use as
an illustration of the procedures followed.

Figure B.1: Transport data for a Nb(50 nm) film: definition of Tc and
Hc2. a) Normalised resistance against temperature plot. The shaded region
represents the transition width, ∆T , defined as the temperature range over
which the resistance falls from 98% to 2% of the normal state value. The
value of Tc is extracted at 50% of the normal state resistance as indicated by
the vertical dashed line. b) Normalised resistance as a function of applied
field for a range of temperatures (0.5− 8.8) K. The horizontal dashed lines
correspond to the 2%, 50% and 98% normal state resistance criteria for
extracting Hc2. c) Upper critical field as a function of temperature for the
2% (blue), 50% (green) and 98% (red) criteria. The points are the extracted
values and the solid lines show a fit to the data using GL theory.

45See chapter 3 for further details,
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B.1 Resistance-temperature data

For dirty thin film superconductors and proximity systems it is possible
for the superconducting transition to become broadened or even to exhibit
plateaus and step-like features. The extent to which this happens in our
systems depends on the quality of the sample growth and can be related
to impurities, roughness and interface resistances. In such cases it becomes
important to define a consistent criteria with which to extract the critical
temperature (Tc). This is especially important when seeking to make com-
parisons between data sets where we may expect to see small differences
in Tc due to, for example, the presence of a normal metal or ferromagnetic
material in direct contact with a superconductor.

Figure B.1(a) shows the resistance-temperature data for the Nb(50 nm)

film from sample set II (λL = 140 nm). There are two useful quantities to
extract from this plot in order to characterise the behaviour: the value of Tc,
defined as the temperature at which the resistance reaches half the normal
state value (R10); and the transition width ∆T , defined as the temperature
range over which the resistance falls from 98% to 2% of R10. The vertical
dashed line in figure B.1 indicates the value of Tc, in this case 8.69 K, and
the width of the shaded region corresponds to ∆T which for this sample is
72 mK. For all samples we follow this same convention when extracting Tc
and ∆T .

B.2 Upper critical field-temperature data

When modelling the behaviour of our superconducting thin film samples
using the quasiclassical framework there are a number of physical tuning
parameters. In many cases it is possible to fix these parameters to their ex-
perimentally determined values for a given system. One measurement that
is important in this regard is to determine Hc2 as a function of temperature
since through fits to this data the coherence length, and hence diffusion
constant, for the superconductor can be extracted 46. As may be expected,
we have found the extracted values to differ quite markedly from those for
a bulk system. For example, typical superconducting coherence lengths for
our mesoscopic samples fall within the (7− 12) nm range as opposed to the
30 nm expected for a bulk sample of Nb. This section gives further details
about the conventions we use when determining these values.

46Please see chapter 2 for more details
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Figure B.1(b) shows a series of resistance against applied field curves,
plotted for a range of temperatures (0.5 − 8.8) K, from which we extract
the upper critical field as a function of temperature. The dashed horizontal
lines show the three test criteria used: 2%, 50% and 98% of R10. When
one considers the shape of the transition with applied field there is some
broadening evident at the high field side which reduces as the measurement
temperature gets closer to Tc. This becomes more clearly visible in the
plots of upper critical field as a function of temperature for the 2% (blue),
50% (green) and 98% (red) criteria plotted in figure B.1(c). The curves
extracted at 2% and 50% of R10 show good agreement with one another
across the full temperature range whereas the 98% curve deviates due to
the broadening effect. The origin of the resistance-field curve broadening is
unknown but does not appear to be a fixed feature of the sample behaviour.
We have measured multiple pieces of the same sample, for example, and the
broadening effect is only visible in those pieces taken from an edge region
of the film. This leads us to believe it may be related to inhomogeneities
in the film thickness towards the edge of the as grown film. To avoid any
anomalies associated with this behaviour we choose to extract all Hc2(T )

curves at 2%R10.

155



C DEPOLARISATION RATE DUE TO A FERROMAGNET Rhea Stewart

C | Depolarisation rate as a func-
tion of probing depth: the
effect of a ferromagnetic layer

As discussed in chapters 2 and 3, wherever a sample is composed in part of
a ferromagnetic layer then there will be a marked effect on the muon depo-
larisation rate due to the associated stray fields. In the case of the normal
metal - superconductor - ferromagnet structures measured here this can be
modelled using an exponential profile as previously shown by equation 2.8
within section 2.1.6. This is the approach taken here in the analysis of all
NSF samples and is essential in disentangling the effects of stray fields from,
say, changes to flux profiles associated with unconventional states. This
is particularly important within chapter 5 where the effects of insulating
barriers on proximity effects between Nb and Co are explored.

Whilst examples of the model profiles and extracted parameters have
been given within the main content of this thesis, and subsequently com-
pared with the results of the conventional averages approach, here the effect
of the stray fields on the raw data is shown directly. Figure C.1 shows a
comparison of raw LEµSR spectra measured at different average depths.
At a muon energy of Eµ = 4 keV (top) all of the muons stop within the
copper and there is very little evidence of damping in the signal amplitude
as a function of time. As the probing energy increases to Eµ = 14 keV

(centre), and subsequently to Eµ = 23 keV (bottom), the fraction of muons
stopping within the region close to the ferromagnet and consequently the
depolarisation rate increases. This is clearly visible as an increase in the
damping, from top to bottom in figure C.1, which goes from 0.6 MHz to
2.1 MHz as a function of probing depth.
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Figure C.1: Comparison of raw muon detector spectra for different average
probing depths within an NSF thin film sample. From top to bottom the av-
erage probing depth increases. This results in more muons stopping within
the region close to the Cobalt layer and thus the damping rate increases.
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The spectra within figure C.1 are representative of all the NSF and
NSIF samples containing cobalt layers that were measured as part of the
investigations presented within this thesis. It is important to note that
whilst the damping rate does increase for higher muon energies the detector
signals are still easily fit with the usual damped cosine form only now the
associated error in the extracted 〈B〉 will be slightly larger47. In systems
with rough or textured ferromagnets however, which are not considered in
detail here, the depolarisation rate can increase to within the range (10 −
20) MHz. In this case the spectra are so strongly damped that fitting, and
thus extraction of 〈B〉, becomes extremely challenging. To combat this the
number of muon events (Nµ) must be increased to the order of 10 million
counts where the error decreases as 1/

√
Nµ. Of course, this only helps if the

depolarisation is not so strong as to completely damp away any evidence of
oscillations.

47In general increasing to ±0.3 G when compared with the ±0.1 G for lower probing
energies.
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D | Comparison of transport and
muon Tc in more detail

This appendix relates directly to the measurements discussed in Chapter 3.
It provides the opportunity to look at a comparison between the measured
transport Tc and the value observed in LEµSR experiments for each sample
structure. Figure D.1 presents the measured temperature dependence of
〈B〉 for a) N(II), b) NS(II) and c) NSF(II) which are shown separately for
clarity. The plotted points are the flux averages extracted from the fits to
the muon data and the vertical lines represent the Tc values determined from
transport. In each case the temperature at which the flux lowering becomes
observable coincides well with the respective transport Tc. Interestingly,
the difference in temperature dependence between the bilayer and trilayer
samples is linear. This suggests the EM component develops linearly with
decreasing temperature.

Tc ~ 8.7K Tc ~ 7.6KTc ~ 8.0K

a) b) c)

Figure D.1: Comparison of muon and transport Tc for a) S(II) measured at
8 keV , b) NS(II) and c) NSF(II) both measured at 11 keV . In each case the
data points show 〈B〉 as a function of temperature measured using LEµSR
and the vertical lines indicate the transport Tc for each sample.
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E | Limitations of TF LEµSR at
low applied field

The muons which are implanted into a sample thermalise, whilst preserv-
ing their initial spin direction, before beginning to Larmor precess around
the local field. After collecting a statistically significant number of events
the resultant positron spectrum shows a, possibly damped, oscillation at
a frequency determined by the the local field experienced by the muon
ensemble. If this field should be low, and consequently the frequency of the
signal low, then it becomes difficult to fit the spectra since there are few or
partial oscillations within the time window of the measurement. This can
in part be combated by collecting more counts but low field is perhaps best
investigated in another geometry or through zero field measurements.

Figure E.1 shows some example LEµSR data for lower applied fields. In
the left panel the result of measuring at an applied field of B0 = 25 G is
displayed and on the right the applied field was set to 100 G.
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Figure E.1: A comparison of LEµSR spectra, with their associated fits, for
different applied field. Left panel: For B0 = 25 G only a half oscillation is
visible within the time window. Right panel: For B0 = 100 G the spectra
can be more accurately and precisely fit.

160



Rhea Stewart E LIMITATIONS OF TF LEµSR AT LOW APPLIED FIELD

In each case the spectra still contain enough information to obtain a rea-
sonable fit to the data. Any further reduction in the applied field, however,
would present a problem since only a partial half oscillation will remain.
This is why in this spin rotation type of measurement we cannot gain access
to lower values of applied field and still obtain an accurate picture of the
average field.

In chapter 3, figure 3.11(c) presents the extracted signal amplitude as
a function of the applied field for the NSF(I) trilayer sample. This was
measured down to B0 = 25 G. The dependence of the total signal with
applied field looks to be linear with extrapolation indicating δB(0) = 0 G.
However, it is important to take care when interpreting the low field data in
this geometry, for the reasons cited above, so further experiments conducted
at zero field could prove to be important in determining whether the signal
does in fact persist in the absence of an external field or whether it is
somehow linked to the Meissner response.
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F | EM proximity in gold capped
samples

Within this appendix are presented the results of LEµSR experiments on
gold capped samples. These measurements were part of a follow up study
to the work presented in [39]. Within this set of experiments the samples
of interest were largely superconducting spin valves some of which had an-
tiferromagnetically pinned cobalt layers. They are included here to provide
further evidence for the EM proximity effect but since these samples do not
have all of the required control measurements it is not possible to model
them fully within this picture. They do, however, provide a useful addition
to the discussion and indeed raise some interesting discussion points in their
own right.

The data presented here were measured on three separate samples with
the following corresponding layouts where the bracketed numbers represent
the layer thicknesses in nanometers.

1. A standard superconducting spin valve stack with free cobalt layers:
Au(120)/Nb(50)/Co(2.4)/Nb(3)/Co(1.2)/Ta(7.5)/Si

2. A superconducting spin valve stack with free and antiferromagneti-
cally pinned cobalt layers. The IrMn is the pinning layer in this case:
Au(120)/Nb(50)/Co(2.4)/Nb(3)/Co(1.2)/IrMn(4)/Co(3)/Ta(7.5)/Si

3. A simple thin capped trilayer: Au(5)/Nb(50)/Co(2.4)/Si

For brevity these sample layouts are labelled NSFF, NSFFAF and NSF
respectively in what follows. Whilst the sample structures are themselves
relatively complex the manner in which they are discussed here is, broadly
speaking, in relation only to the NSF segment. This is because we are
primarily interested in the physics at the S/F interface and how this relates
to the presence, or absence, of the thick normal metal layer.
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Figure F.1 presents the LEµSR results on the gold capped sample struc-
tures. The left panel shows the results on the spin valve structures, NSFF
and NSFFAF, which have been scaled to the same measurement tempera-
ture for ease of comparison. This was achieved simply by using the temper-
ature dependence of the signal amplitude, measured at Eµ = 23 keV for the
NSFFAF structure, as shown in the inset of figure F.1. By finding the gra-
dient of the 〈B〉−T plot below Tc and assuming a linear dependence within
the region of interest it was possible to scale the NSFFAF data, actually
measured at T = 2.5 K, to match the NSFF data measured at T = 2.9 K.
The left panel of figure F.1 displays the results of this analysis. When one
considers the resultant data it is clear that across all measured energies the
two samples are the same within the error. This provides evidence that it is
really just the NSF component which generates the additional contribution
which can be attributed to the EM proximity at the S/F interface.
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Figure F.1: LEµSR results on gold capped samples. For all data the normal
(superconducting) state values are plotted in open (closed) symbols and the
lines are a guide to the eye. In each case the top panel shows some sample
muon stopping profiles with the respective average probing depths indicated
by the vertical lines. Left panel: results for the NSFF and NSFFAF samples
which have been scaled to the same measurement temperature, using the
gradient of the 〈B〉−T data, for ease of comparison. The inset displays the
average flux as a function of temperature measured at Eµ = 23 keV for the
NSFFAF sample. Right panel: results for the AuNbCo sample which show
no evidence of an EM proximity effect.
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Additionally, in these spin valve samples the much thicker normal metal
layer, 120 nm of gold when compared with only 40 nm of copper, offers the
opportunity to see how the normal metal proximity and, to a degree, the
EM proximity develops over a longer lengthscale. It is clear that the screen-
ing in this case has still developed across the full spatial extent of the NS
section since even at the lowest measured energy there is a substantial flux
expulsion observed. Unfortunately, due to the lack of appropriate control
samples within the set it is not possible to model the different contributions
explicitly. It is possible, however, to do a quick comparison between this
data and the NSF(I) trilayer results simply by scaling the measured ampli-
tudes to the same applied field. In the case of these measurements on NSFF
and NSFFAF structures an amplitude of around B ≈ 4.4 G was measured
for an applied field of B0 ≈ 100 Oe. This would correspond, using the field
dependence measured on NSF(I) shown in figure 3.11 to scale the data, to a
projected amplitude of B ≈ 13 G for an applied field of B0 ≈ 300 Oe. This
is comparable to the NSF trilayer sample from growth Set I and suggests the
two components, Meissner and EM, may be of similar order and behaviour
in these more complex samples. This provides further evidence that the key
ingredients in determining the physics are the NSF sections and that the
ferromagnet needs to be in direct contact with the condensate.

The right panel of figure F.1 presents the results of LEµSR measure-
ments on a simple NSF trilayer sample but this time with a normal metal
layer only 5 nm thick. By comparing the data measured above and below
Tc it is clear there is very little to see in terms of flux expulsion. For the
higher probing energies there appears to be a small measured effect of ap-
proximately 1 G in amplitude which corresponds to a percentage expulsion
of ≈ 0.3%. When one compares this result to the single Nb(50) sample
from Set I, the results on which can be found in figure 3.5, it is clear the
two signals differ approximately by a factor of two in amplitude. Interest-
ingly, within this thin capped sample there is no evidence of a large EM
proximity amplitude at the S/F interface. This appears to suggest that
rather than being just a fixed feature of an S/F interface the EM proximity,
or at least the sense in which it manifests within these measurements, may
be a modification to the orbital screening current rather than the result of
a static effect. This is consistent with the field dependence measurements
on NSF(I) presented in figure 3.11 which tentatively suggest δB(0)→ 0.
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When taken together these results on the gold capped samples show
several things. Firstly, as expected, the normal metal proximity effect is
not limited to copper and works comparatively well with gold which has
a somewhat similar mean free path and coherence length to the sputtered
copper. The much thicker N layers allow the relevant lengthscales to be
explored in more detail. It is clear the normal metal proximity continues
to develop over the full extent of the Au/Nb bilayer section. The pairs,
despite being generated by a single Nb(50) layer, are able to propagate and
screen throughout the 120 nm thickness of gold. The fact the total signal
amplitudes measured for the NSFF and NSFFAF samples can be directly
compared with the NSF(I) results suggest the important ingredients are
the N, S and F layers and that only the direct S/F interface plays a role in
setting up the EM effect. The results on the NSF with the thin gold cap
are additionally very interesting. Here the absence of a thick normal metal
means the standard Meissner effect does not experience the usual “boost”
associated with the normal proximity effect and only a small Meissner am-
plitude of 0.3%B0 is observed. In this system there is no evidence of a large
EM amplitude at the Nb/Co interface. The observed signal suggests any
EM amplitude would be in fact only ≈ 0.5 G. This, combined with the field
dependence measurement in figure 3.11, suggests the EM effect may have an
alternative origin, at least in these systems, to that currently discussed in
the theory though further systematic measurements are required to explore
this in more detail.
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G | The effect of a copper spacer
layer at the S/F interface

The results presented within section 6.2.2 on the Cu(40)/Nb(50)/Pt(2)/
Co(2.4)/Nb(3)/Si sample structure suggest that the presence of even a thin
platinum spacer layer at the S/F interface can have a substantial effect
on the measured signal. Whilst the spatial profile across the sample was
consistent in shape to the results for NSF(I), the total amplitude was much
lower than even the bilayer response of comparable niobium quality and
the onset of a net diamagnetic screening amplitude occurred 2 K below Tc.
When taken together these results suggest the platinum layer at the inter-
face significantly altered the interaction between the superconductor and
ferromagnet. Though the precise nature of the effect was unclear it seemed
most likely that the Pt(2) layer modified either the S/F interface or the
way in which the superconductivity sampled the ferromagnet in such a way
as to produce a positive value of AEM . Within this appendix, the results
of an LEµSR energy scan on a similar NSnF structure, but one where the
spacer layer is composed of copper instead of platinum, are presented for
comparison. The sample structure was grown in the same vacuum cycle,
using the same niobium target purity, as sample Set II which is discussed
within chapter 3.

The results of the LEµSR measurements performed on a range of sam-
ples of the form Cu(40)/Nb(50)/X, with X=Si, Co(2.4)/Nb(3)/Si and
Cu(2)/Co(2.4)/Nb(3)/Si, are presented within figure G.1. The top panel
displays the usual muon stopping profiles for a subset of the measurement
energies where the vertical lines correspond to the average probing depths in
each case. Within the main panel are shown the results of the conventional
averages approach to the data analysis. The extracted average flux values
are plotted as a function of their corresponding average probing depths.
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Figure G.1: LEµSR results for the Cu(40)/Nb(50)/Cu(2)/Co(2.4) sample
structure plotted along side the results on the relevant NS and NSF control
samples. Top panel: presented are some sample muon stopping profiles for a
range of selected implantation energies. The corresponding vertical lines in-
dicate the average stopping depth in each case. Bottom panel: the extracted
flux averages as a function of the average probing depth for a range of sam-
ples of the form Cu(40)/Nb(50)/X with X = Si, Cu(2)/Co(2.4)/Nb(3)/Si
and Co(2.4)/Nb(3)/Si corresponding to the NS, NSnF and NSF samples
respectively. All normal (superconducting) state data were measured at
T = 10 K (T = 2.5 K) and are plotted in open (closed) symbols. The
grey dashed line outlines the response for the NSF control sample and the
shaded region indicates the modified EM response at the SnF interface.

All normal and superconducting state measurements were conducted at
temperatures of 10 K and 2.5 K and are plotted in open and closed sym-
bols respectively. All of the normal state measurements recovered the
applied field which was set to around 302 Oe. In the superconducting state,
for the X=Cu(2)/Co(2.4)/Nb(3)/Si sample, there is once again a flux low-
ering observed across all energies. When the sample with the copper spacer
is compared with the NS(II) (grey points) and NSF(II) (dotted lines) it ap-
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pears the total amplitude lies somewhere between the two control samples.
The difference between NS(II) and the copper spacer sample, indicated by
the shaded region, suggests the additional component has its origin at the
S/F interface and decays away towards the sample surface. In addition,
it appears the Meissner response is slightly reduced, as expected in the
presence of pair breaking effects, and the EM amplitude is also reduced
when compared with the usual response at the Nb(50)/Co(2.4) interface.

The results of chapter 5 suggest that both the coupling strength be-
tween S and F and the gap strength at the interface may have an effect
on the amplitude of the resultant EM proximity response. Given that in
the copper spacer sample the superconductivity in direct contact with the
ferromagnet is proximity induced then the gap may be weaker, less robust
and the resultant EM amplitude smaller. The expected result is then a
total screening amplitude lying somewhere between NS(II) and NSF(II)
as observed in figure G.1. In the case of the Cu(2) spacer layer the ma-
terial parameters are such that the copper becomes readily proximitised,
as demonstrated extensively in previous samples, and behaves simply as a
normal metal with proximity induced superconductivity. In the case of the
Pt(2) spacer layer, however, due to its unusual material properties it seems
the resultant EM amplitude may be flipped in sign.
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