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Abstract

There is some controversy on the role of spin-orbit coupling (SOC) in the
generation of equal-spin triplets, a pairing state that realizes the super-
conducting long-range proximity in ferromagnets. In recent years, theo-
retical descriptions have been developed of superconductor/ferromagnet
with SOC systems that predict a long-range triplet component (LRTC) due
to SOC. The collection of experimental research on the subject, however,
currently does not provide an unambiguous answer, and conclusive ev-
idence of the SOC-generated LRTC remains lacking. This work adds to
the body of experimental explorations of SOC as a source for equal-spin
triplets. Our approach is twofold: we probe the proximity effect in bilayer
films of Nb with Pt/Co, Pt, and Co, and we measure the properties of
lateral Nb/Pt/Co/Pt/Nb Josephson junctions where the supercurrent is
forced through the Co layer by a trench that we cut with focused ion beam
milling. In our films, we find a striking difference in the critical temper-
atures and zero-temperature coherence lengths of the Nb/Pt/Co sample
on the one hand and the Nb/Pt and Nb/Co samples on the other hand.
Our junction devices all become fully superconducting which would pro-
vide direct evidence for the SOC-generated LRTC, if not for a lack of
knowledge about the exact structure of the junction that could be either
Nb/Pt/Co/Pt/Nb, Nb/Pt/Nb, or a constriction junction, depending on
the trench depth. Interestingly, the temperature dependence of the critical
current of these devices is anomalous in the case of a short Nb/Pt/Nb or
constriction junction, while triplet transport in junctions with half-metallic
ferromagnets theoretically has the same relation. Overall, this work does
not end the controversy of the SOC-generated LRTC although it adds
some unexpected results that may find their origin in the LRTC.



Version of October 13, 2025- Created October 13, 2025 - 11:10



Contents

1 Introduction
2 Long-range proximity and Rashba spin-orbit coupling
2.1 Proximity effect
21.1 Long-range proximity with spin-mixing layer
2.2 Rashba spin-orbit coupling
221 SOC as long-range triplet source
3 Proximity effects in Nb, Pt and Co bilayers
3.1 Sample fabrication
3.1.1 Electron-beam lithography
3.1.2 Thin film deposition
3.2 Critical temperatures
3.3 Upper critical fields
4 Junctions in Nb/Pt/Co devices
4.1 Device fabrication
4.1.1 Thickness of evaporated Pt
4.1.2 Focused ion beam milling
4.2 Critical temperature and field dependence
4.3 Is the trench 'deep enough™?
5 Conclusions
Acknowledgments
References

Version of October 13, 2025— Created October 13, 2025 - 11:10

11
12
14
15
17

21
21
22
23
24
26

31
31
33
35
36
40

45

47

49






Chapter 1

Introduction

Superspintronics is an emerging field at the intersection of superconduc-
tivity and spintronics [1], aiming to use the control of spin degrees of free-
dom in combination with superconducting currents. By integrating these
fields of research, superspintronics can minimize dissipation, promising
low-power electronic devices [2]. Fundamentally, the field also probes
questions about the interplay between magnetism and superconductivity
— two competing forms of order that meet at interfaces between super-
conductors (S) and ferromagnets (F).

Equal-spin triplets are essential for superspintronics. Not only are they
necessary if a superconductor is to sustain a spin-polarized current, but
equal-spin Cooper pairs also uniquely provide the possibility of long-range
superconducting proximity in ferromagnets, a property that is indispens-
able to superspintronics. For this reason, equal-spin triplets are often re-
ferred to as long-range triplets (LRT) or the long-range triplet component
(LRTC), in contrast to the m; = 0 triplets with zero spin-projection, which
are short-range (SRT). They are most commonly generated by noncollinear
ferromagnetic layers at S/F'/F interfaces [3-5] (see Section 2.1.1). Mag-
netic inhomogeneity also forms the basis for other methods, such as mag-
netic texture due to geometry [6] and half-metallic ferromagnets (CrO,,
LSMO) with spin-active interfaces [7-9], both methods that we have pre-
viously studied and employed in our group.

A number of recent experimental works have suggested a role for intrinsic
spin-orbit coupling (SOC) in the generation of equal-spin triplets. Specifi-
cally, most of these experiments involved a thin layer of Pt, a heavy metal
with high SOC [10], in combination with the ferromagnet Co. In 2018,
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8 Introduction

Banerjee ef al. [11] used an asymmetric Pt/Co/Pt trilayer as an ’effective
spin-orbit-coupled ferromagnet’ proximity-coupled to 24 nm (18 nm) Nb,
and observed a 40 mK (90 mK) suppression of the critical temperature (1)
when applying a 100 mT in-plane field, a suppression that was absent in
their Nb/Pt and Nb/Co/Pt samples. The authors argue that this suppres-
sion is due to the generation of equal-spin triplets that are able to "leak’
into the Pt/Co/Pt, reducing Te.

In a ferromagnetic resonance (FMR) spin-pumping experiment, Jeon et al.
[12] found significantly larger induced spin currents in the superconduct-
ing state than in the normal state when adding spin sink layers with large
SOC (Pt, Ta, W) to the Nb/NiggFepo/Nb trilayer, contrary to expectations
for spin-singlet superconductivity. Following up this experiment in 2019,
they find further enhancement of the induced spin current when a ferro-
magnetic layer is added to the Pt [13]. Substituting the Pt/Fe spin sink
with Pt/Co/Pt has also allowed them to tune the pumping efficiency by
changing the magnetization direction of the Co. What is more, from the
use of a Cu spacer, a metal with very weak SOC, they find evidence that
the Rashba SOC at the interface between Nb and Pt/Co/Pt s crucial to the
generation of pure spin supercurrents in their experiment [14].

Mixed results are reported in 2018 and 2019 by Satchell and Birge [10] re-
garding vertical stacks of Nb/F/Nb and Nb/Pt/F/Pt/N, using a Co/Ru/Co
synthetic antiferromagnet as F. They find that the decay length of the su-
percurrent in the ferromagnet is the same with and without the SOC layer,
apart from a residual supercurrent that is measured in junctions with thicker
Co and only with the Pt. However, the effect is small, possibly because
their transversal junctions with in-plane magnetization are not suitable for
the SOC-generated LRTC as currently proposed in theoretical predictions
[15, 16] (see Section 2.2). To account for this fact, Satchell, Loloee, and
Birge [17] later revisited their vertical junctions but with a [Co/Ni],/Co
weak link that has canted magnetization. Nonetheless, the I.Ry product
measured for the stacks with a Pt interlayer is 50 x-1000x smaller than for
the more traditional S-F’-F-F'-S stacks (F'=Ni), and compared with sam-
ples that use Cu as the interlayer there are no differences that the authors
attribute to SOC.

Yet another type of experiment that links Pt to equal-spin triplets was con-
ducted by Flokstra et al. [18] and reported on in 2023. With Pt/Nb and
Cu/Nb bilayers they investigated the effect of SOC on the local screening
current in the bilayers, as measured with low-energy muon spin-rotation
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(LE-uSR). They find a lack of Meissner screening in Pt/Nb, indicating an
additional paramagnetic contribution, that they attribute to the net spin of
the LRTC. Interestingly, these samples contain no ferromagnetic compo-
nent, nor do these measurements include any type of charge transport. In
that sense, the generation of the LRTC in these bilayers would be a pure
equilibrium effect.

Most recently, in 2024, Paschoa et al. [19] have also claimed a colossal su-
perconducting spin valve effect in a simple Nb /Pt bilayer that they ascribe
to SOC-generated equal-spin triplets. In their measurements of the reduc-
tion in T as function of the angle of the applied external magnetic field
(AT,(0, B)), they report a 930 mK difference in AT.(90°, 1.5T) between their
Nb/Pt and Nb/Cu samples. However, Robbins et al. [20] doubt the con-
clusion that this difference is due to the SOC properties of Pt and Cu. With
their upper critical field (H.,) measurements of N/S/N trilayers (N = Al,
Ti, Cu, Pt, Ta, Au) they argue that conventional orbital screening, rather
than spin-triplet pairing, is the dominant mechanism in the suppression
of superconductivity under an applied magnetic field.

In summary, the different works that propose a SOC-based mechanism for
the forming of equal-spin triplets vary greatly in their experimental real-
izations, but there is not yet consensus on the matter. If the role of SOC in
LRTC generation can be established, these different experiments also beg
the question if an exchange field is required. According to Jeon et al. [13]'s
works and the theoretical predictions [15] the exchange field is explicitly
necessary, while Flokstra et al. [18]’s research implies it might not be.

In this work, we carry out T;- and H-measurements similar to those of
Robbins et al. [20] on Nb/Pt/Co, Nb/Pt and Nb/Co bilayers to probe
the proximity effect. In addition, we fabricate lateral Nb/Pt/Co/Pt/Nb
Josephson junction devices that could potentially prove LRTC generation.
Therefore this work contributes to a better understanding of the possible
role of SOC in the generation of equal-spin triplets which may well result
in new progress in the field of superspintronics. Other questions, regard-
ing the necessity of an exchange field for the LRTC, are outside of the scope
of this work and would need to be addressed in the future.

The next chapter in this thesis, Chapter 2, will bring the reader up to
speed regarding the key concepts in this thesis, including the proximity ef-
fect and a theoretical description of equal-spin triplet generation through
SOC. Chapter 3 will describe the fabrication of our Nb/Pt/Co bilayers
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10 Introduction

and their T;- and H.» measurements, where we find significant differences
between the Nb/Pt/Co film on the one hand and the Nb/Pt and Nb/Co
films on the other hand. We make our way from simple films to struc-
tured devices in Chapter 4 to measure equal-spin triplet transport in lat-
eral Nb/Pt/Co/Pt/Nb junctions. Although our devices become fully su-
perconducting, a crucial issue is the depth of the trench that determines
the nature of our junctions. We conclude our findings in Chapter 5.

10
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Chapter 2

Long-range proximity and Rashba
spin-orbit coupling

In a superconductor, electrons near the Fermi surface pair up in Cooper
pairs, to then form a bosonic condensate. The electrons themselves how-
ever, are fermionic and therefore must obey the Pauli exclusion principle:
the wavefunction of the paired state must be antisymmetric. This condi-
tion is satisfied if the product of the spin, momentum, and frequency sym-
metries is odd [21].

In a conventional (BCS) superconductor, such as Nb, the spin symmetry
is odd by nature: the Cooper pairs consist of two electrons with opposite
spins, which is referred to as the singlet state (Equation (2.1)). These super-
conductors are also characterized by their momentum-symmetric s-wave
order parameter, and thus they are even-frequency in the case of singlet
pairing.

While the singlet pairing has zero net spin (s = 0, m; = 0), the more exotic
triplet has s = 1, and its spin projection m;, defined w.r.t. the quantization
axis for spin, can be either -1, 0 or 1 (Equation (2.2)). The significance of
these properties in the context of the superconducting proximity effect and
ferromagnetism is reviewed in Section 2.1, where we describe how equal-
spin (ms; = —1,1) triplet pairing can be realized in a ferromagnet by the
use of a spin-mixing layer. Furthermore, in Section 2.2 we describe Rashba
SOC and discuss a theoretical work on how a ferromagnet with SOC can
generate equal-spin triplets.

11
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12 Long-range proximity and Rashba spin-orbit coupling

1

sms) = 10,0) = ZS(T) - [I1)  Gsinglet)  @1)
L1y = 1
ls,ms) = ¢ 11,0) = ST+ 1) (wiplet)  (22)

-1 =

2.1 Proximity effect

In the context of superconductivity, the proximity effect refers to the 'leak-
age’ of Cooper pairs at the interface between a superconductor (S) and
an adjacent material [21]. Figure 2.1 (a) schematically presents the case
that the adjacent material is a nonmagnetic normal metal. In this case, the
Cooper pair density (the amplitude of the order parameter, |'¥|) is max-
imum in S and falls off over a length {s near the S/N interface, then in
N further decreases over a length ¢ before finally dropping to zero. The
characteristic length scale ¢ is the coherence length and it is a material
property. The coherence length of a superconductor follows the relation in
Equation (2.3),
1

Vv1-T/T,

where T is the temperature, T; is the critical temperature of the supercon-
ductor and ¢(0) is the coherence length at T = 0K. For bulk Nb, ¢(0) can
be 30nm to 40 nm, but it is typically smaller (few nm to ~15nm) for thin
films [22, 23].

s ~¢(0) (2.3)

For the normal metal, the coherence length is given by Equation (2.4).

~ [nDy
N = T (2.4)

Here 71 is the reduced Planck constant, Dy denotes the diffusion coefficient
of N, and kp is the Boltzmann constant. Equation (2.4) is valid in the dirty
limit, where ¢y is smaller than the electron mean free path. Apart from
¢n as given in Equation (2.4), the interface transparency is also a factor in
how well the condensate can "leak” into the normal metal.
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2.1 Proximity effect 13

1T =111

111+ 111) “

Figure 2.1: Superconducting proximity effect in: (a) a normal metal N. The mag-
nitude of the order parameter |¥| decreases on the S side of the interface over a
length ¢s and leaks into the N side over a length . (b) a ferromagnet FE. On the
S side of the interface the m; = 0 triplet appears. The singlet and ms; = 0 triplet
oscillate and decay quickly in F.

We now turn our attention to the case where the adjacent medium is a
ferromagnet (F). In contrast to a normal metal, a ferromagnet has an ex-
change field E,, that shifts the energies of the - and |-spin bands by 2E,,.
The exchange field therefore causes an equal but opposite shift in momen-
tum for the spin up and spin down electron of the singlet Cooper pair. A
more detailed account of the effect can be found in Ref.[21], but the result
is that the momentum shift transforms the singlet state into a linear combi-
nation of an oscillating singlet and an oscillating m; = 0 triplet state (with
the spin quantization axis defined by the magnetization direction of F), as
shown in the F layer in Figure 2.1 (b). The oscillating singlet and m; = 0
triplet can survive in F over a length scale {r (Equation (2.5).

 [nDy
Cr= .. (2.5)

In strong ferromagnets, such as Co, these correlations fully disappear within
only a few nm. For this reason the m; = 0 triplet state is also referred to as
the short-range triplet (SRT), in relation to the short-range proximity effect
inF

In addition, there is a spin-dependent interface scattering phase shift [24]
that also induces an m; = 0 triplet state on the superconducting side of
the interface in Figure 2.1 (b), a mechanism known as spin-mixing. Due
to the exchange field, the spin-up and spin-down electrons of the singlet
Cooper pair have different scattering phase delays ¢, upon reflection at
the S/F interface. The difference between these phase delays defines the
spin-mixing angle 6 = ¢ — ¢ which can be used as a measure of spin-
mixing, and the phase shifts are larger for a stronger spin-polarization of

13
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14 Long-range proximity and Rashba spin-orbit coupling

E. A stronger ferromagnet therefore induces more ms; = 0 triplets in the
superconductor, but they decay more quickly in in the ferromagnet.

2.1.1 Long-range proximity with spin-mixing layer

Long-range proximity is possible in ferromagnets if there is magnetic in-
homogeneity: if the magnetization direction, and therefore the spin quan-
tization axis, at the interface differs from the magnetization direction in
the bulk. This situation can be realized by adding a thin ferromagnetic F’
layer in between the S and F layers.

A sketch of the longe-range proximity mechanism is pictured in Figure 2.2,
where we refrain from drawing the oscillating singlet and m; = 0 triplet
states in the sketch. If F" and F have the same magnetization direction,
i.e. Mp || Mr (Figure 2.2 (a)), there is no magnetic inhomogeneity and
the setup is identical to the S/F interface in Figure 2.1 (b) with only short-
range proximity.

In contrast, in Figure 2.2 (b) My || £ while Mp || 2. The ms = 0 triplets that
originate from spin-mixing at the S/F’ interface have zero spin-projection
in the %-direction, and therefore can decompose into equal-spin triplets
(ms = —1,1) in the Z-direction in the F layer. Evidently, the thickness
of the F’ layer is restricted to close to ¢ (Equation (2.5)) since the m; = 0
triplets must be able to reach the F layer. M and Mr can make any non-
zero angle to generate the LRT, but a perpendicular orientation such as the
one sketched in Figure 2.2 maximizes the equal-spin triplet amplitude.

The length scale over which equal-spin triplets can survive in a ferromag-

(a) (b)

|Tl)z |~LT)Z |T~L>x_ |~LT>X

ITl)z +111),

7
1)z + 111z
11 + 111 —

Figure 2.2: Equal-spin triplet generation. (a) Identical situation to a simple S/F
interface where equal-spin triplets are not generated. (b) When the magnetiza-
tions of F” and F make an angle, the long-range triplet is generated at the F'/F
interface.
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2.2 Rashba spin-orbit coupling 15

net is much different from the m; = 0 triplet case, because the exchange
field affects both electron spins in the Cooper pair the same. ¢E° is there-
fore dominated by thermal effects, like in the case of singlets in a normal
metal, and given by Equation (2.6).

[hD
ES __ F

As a result, the proximity effect of equal-spin triplets in ferromagnets is
much more long-range, with a typical decay length of tens of nm in Co
[10, 21]. Accordingly, equal-spin triplets are often referred to as long-range
triplets (LRT) or long-range triplet component (LRTC).

2.2 Rashba spin-orbit coupling

Spin-orbit coupling (SOC), as a general effect in atomically bound elec-
trons, is a relativistic quantum mechanical effect that constitutes the cou-
pling of an electron’s spin angular momentum to its orbital angular mo-
mentum. An electron in a bound state orbits the nucleus and therefore
moves through a Coulomb field at relativistic speeds. In its rest-frame, the
electron experiences the electric field as a magnetic field perpendicular to
its momentum [25]. The electron’s spin couples to this effective magnetic
field, thus the field induces SOC and the momentum-dependent Zeeman
energy correction lifts the spin-degeneracy of the energy states (Figure 2.3
(d)). Due to the relativistic nature of the effect, SOC is stronger in materials
with high atomic number such as Pt (Z = 78) [26, 27].

In systems with spatial inversion asymmetry, such as surfaces and inter-
faces, there is an additional SOC contribution from the Rashba effect. Atan
interface for instance, the potential gradient as a result of the two different
crystal lattices causes an electric field in the direction of the interface nor-
mal. Electrons that move in the plane of the interface therefore experience
an in-plane magnetic field perpendicular to their motion, which causes a
linear coupling between their spin and their linear momentum [28]. The
traditional form of the Rashba correction to the Hamiltonian is expressed
in Equation (2.7).

HR = KRO - (k X ﬁ) (27)

Here fi denotes the interface normal, k is the linear momentum and o the
spin. The Rashba parameter ag is a measure of the strength of the cou-

15
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16 Long-range proximity and Rashba spin-orbit coupling

pling. It follows from this term in the Hamiltonian that the Rashba SOC
adds a momentum-dependent energy correction £ag|k| [29] that causes
a splitting of the spin energy bands, as illustrated in Figure 2.3 for a free
electron in a 2D electron gas (2DEG).

(a) E(ky ky) (b) k

1} !

;ky =ky

Figure 2.3: Spin splitting in the energy spectrum of a free electron in a 2DEG due
to Rashba SOC. (a) Part of the Rashba energy spectrum in 2D k-space. (b) Iso-
energy cut of (a) showing the Fermi contours with spin direction: electrons mov-
ing with opposite momentum have opposite spins. The red arrows correspond
to the red parabolas in (d) and (e), likewise for the blue arrows and parabolas.
(c) Energy spectrum along k, without SOC. (d) Energy spectrum along k, in an
external magnetic field; Zeeman splitting. (e) Energy spectrum along k, in the
presence of Rashba SOC, where lack of spatial inversion symmetry lifts the spin-
degeneracy. Image adapted from [27].
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2.2 Rashba spin-orbit coupling 17

2.2.1 SOC as long-range triplet source

While magnetic inhomogeneity forms the basis of essentially all current
methods of LRTC generation, it has also been proposed that (Rashba) SOC
can be used for singlet-triplet conversion instead [15, 16, 30, 31]. In this
section we discuss a theoretical description of SOC as a source for the
LRTC as developed by Bergeret and Tokatly [15]. We refer to Ref.[15] for
any details.

The basis of the theory is formed by the analogy of spin diffusion in a nor-
mal metal with SOC (Ngoc) and singlet-triplet conversion in a diffusive
S/Fsoc system. In the Ngoc system Bergeret and Tokatly [15] incorpo-
rate the SOC vector potential A, = 5.A70" (¢* denotes the Pauli matrices)
in the diffusion equation by replacmg the derivatives by their covariant
counterparts, 9+ — Vj- = g - —i[flk, -], on the basis of gauge invariance
arguments. The spin diffusion equation in terms of the spin-density vec-
tor S = (5%, SY, 5%) is then given by Equation (2.8) for a normal metal with
linear in momentum SOC.

98" = DV?28" 4+ 2Ci9, 8P — 17 sP (2.8)

5% denotes the components of the spin-density vector and D is the diffu-
sion constant. The two terms with the tensors C,‘jb and T% (a, b refer to spin,
k to momentum) are a direct result of the SOC and provide two possible
mechanisms for spin rotation in the normal metal.

The first mechanism is possible anisotropy in the spin relaxation tensor
b, Spin rotation occurs because the spin relaxes more slowly along the
principal axes of T%’, and an injected spin that is not parallel to one of
the principal axes will therefore turn towards this direction. The second
mechanism, driven by C#, originates from a spin density inhomogeneity
along the direction k that induces a spin precession around the direction
of inhomogeneity. The definitions for Cf(lb and T are given by Equations
(2.9) and (2.10),

C = De™b AS (2.9)
= D(ALAL™ — ATAY) (2.10)
where £’ is the Levi-Civita tensor. From Equation (2.10) we can see that

I is quadratic in A4, as it follows from the d;- — V replacement that
causes a double commutator in the diffusion equation. The effect of spin

17
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18 Long-range proximity and Rashba spin-orbit coupling

relaxation anisotropy on spin rotation is therefore smaller than the preces-
sional term with Cf{’b. An important requirement for the spin precession,
however, is that there must be a spatial component of the SOC Aj along
the direction of the inhomogeneity that induces the precession.

Now moving to superconducting systems, an equation similar to Equa-
tion (2.8) is derived for a diffusive S/Fsoc structure. Taking the linearized
Usadel equation as a starting point to describe the superconducting con-
densate in F, Bergeret and Tokatly [15] again modify it to include linear in
momentum SOC by replacing ;- +— V- = 9y - —i[Ay, -]. Furthermore, us-
ing f = fi1+4 ffo" to represent the condensate function with a singlet com-
ponent f; and triplet components f{, Equations (2.11) and (2.12) describe
the spatial distributions of the singlet and triplet components in Fgoc.

DV?2f; — 2|w|fs — 2isgn(w)h f = 0 (2.11)
DV2ff +2C89, fF — T f — 2|w|f — 2isgn(w)h®fs = 0 (2.12)

With w the Matsubara frequency and h* a component of the ferromagnetic
exchange field i = h%c. In Equation (2.12) we recognize the tensors cab
and T that are responsible for the spin rotation that results in singlet-
triplet conversion. At the S/Fsoc interface, a triplet component appears
that is parallel to the exchange field direction and which decays over the
short-range length scale ¢, « +/D/h. Analogous to the case of SOC in a
normal metal, the condensate spin rotates in the course of diffusion due to
the SOC and this creates a component of the condensate spin that is per-
pendicular to the exchange field — the LRTC.

LRTC in transversal and lateral geometries

SOC can therefore generate the LRTC in the absence of magnetic inho-
mogeneity, but for practical use of this theory we must also consider the
geometry of the system. In many experimental applications the SOC-
mediated LRTC would be generated and tested in Josephson junctions that
have either a transversal or a lateral geometry depending on how the dif-
ferent materials are stacked (see Figure 2.4). Bergeret and Tokatly [15, 16]
show that the requirements for singlet-triplet conversion in a transversal
junction are more restrictive, a result that is of practical importance in this
work.

18
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2.2 Rashba spin-orbit coupling 19

Lateral Transversal

Figure 2.4: The lateral (left) and transversal (right) junction geometries. In the
lateral geometry the interfaces are in the (x, y)-plane and the condensate function
varies in x and z due to translational invariance in y. In the transversal geometry
the interfaces are in the (y, z)-plane and the condensate varies only in x.

In the treatment of the transversal and lateral geometries, the crucial dif-
ference lies in the direction of inhomogeneity in the condensate f in com-
bination with the SOC. Spatial asymmetry defines the direction of the in-
homogeneity and, if we assume only Rashba SOC, for its relevance in this
work, it also defines the spatial components of the SOC. Focusing on the
lateral junction in Figure 2.4 first, there is translational invariance only
in the y-direction (assuming infinite dimensions in y) and the condensate
can therefore vary in x and z. Due to the S/Fsoc interfaces in (x,y), the
Rashba SOC vector potential has components A} and AY, coupling spin in
x to momentum in y and vice versa. The requirement for spin precession
driven by C,‘zb is therefore fulfilled, since C,‘jb and the inhomogeneity in f
both have components in x. Moreover, the diffusive spin precession ten-
sor C,‘zb is dominant over I'? due to practical considerations: in a realistic
ferromagnet, the direction of the exchange field and one of the principal
axes of T likely coincide because both are linked to the crystal structure,
in which case T'* does not sufficiently contribute to the singlet-triplet con-
version. Thus, in the lateral geometry, a pure Rashba SOC at the S/Fsoc
interface can generate the LRTC for an arbitrary exchange field direction,
due to the spin precession mechanism.

In a transversal junction the singlet-triplet conversion is less universal. In
Figure 2.4 we can assume that the condensate is translationally invariant
in both y and z, thus the condensate function only depends on x. Further-
more, the Rashba SOC vector potential has components A7 and Aj due to
the interfaces in the (y,z)-plane. As a result, the spin precession mecha-
nism does 10t contribute to spin rotation since the inhomogeneity in f is
in x and there is no A, component. The LRTC can therefore only be gener-
ated from anisotropy in T'*?, which poses the condition that the exchange

19
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20 Long-range proximity and Rashba spin-orbit coupling

field h"o* is not parallel to the vector [Ar, [Ar, h*0]]. If we assume a pure
Rashba SOC, [Ay, [Ak, h*c?]] is expressed by Equation (2.13).

(A, [Ar, h?0")] = 4ag (21" 0™ + Wo¥ + h*o®) (2.13)

Importantly, the factor 2 in the h*c* term makes the LRTC possible at all
with pure Rashba SOC in the transversal geometry. If i* # 0, and hY # 0
and/or h* # 0, the LRTC is generated because the vector in Equation (2.13)
will not be parallel to /1 = h%c®. However, a pure Rashba SOC cannot gen-
erate the LRTC in a transversal junction if the exchange field is simply
in-plane (h* = 0), which is generally the most common.

In summary, a pure Rashba SOC does not easily generate the LRTC since
the spatial asymmetry that causes the Rashba SOC simultaneously causes
the condensate inhomogeneity perpendicular to the vector potential com-
ponents of the Rashba SOC. We also note that in their treatment of the
lateral geometry, which in Ref.[15] is actually S/Fsoc/F with the F layer
extending in the x-direction, Bergeret and Tokatly [15] assume the S and
Fsoc layers to be thin enough that the condensate f does not vary in z
within these layers. A proper analysis of the z-direction (perpendicular
to the interface) in the lateral geometry is therefore lacking, since the spin
rotation must take place in the Fsoc layer. As a final remark, ferromagnets
with high intrinsic SOC generally do not exist and have to be fabricated as
alloys [32, 33] or using heavy metal/ferromagnet interfaces [11, 14], and
in many cases the SOC is then Rashba-type, as it is in this work too.
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Chapter 3

Proximity effects in Nb, Pt and Co
bilayers

At the interface between a superconductor and normal metal, some of the
superconductivity 'leaks’ into the metal over a length that is characterized
by ¢n (see Section 2.1), but this proximity effect also includes the partial
depletion of Cooper pair density in the superconductor over a length (s
near the interface. If the superconducting layer thickness is of the order of
¢s this reduced Cooper pair density can be measured as a reduction in T,.

In this chapter, we make thin film bilayers of Nb on Pt and/or Co and
measure their T,. By comparison of Nb/Co, Nb/Pt/Co and Nb/Pt sam-
ples we comment on the effect of a Pt interlayer on the proximization of the
Co (Section 3.2). In addition, we measure the temperature dependencies
of the upper critical field of the films, both in-plane (IP) and out-of-plane
(OOP) to determine the coherence length and dimensionality of the super-
conducting layer (Section 3.3).

3.1 Sample fabrication

An overview of the sample fabrication process and the different samples
is given in Figure 3.1. The fabrication process consists of electron-beam
lithography (EBL) and thin film deposition to create lift-off structures whose
transport properties can be measured with a four-probe Van der Pauw
method.
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22 Proximity effects in Nb, Pt and Co bilayers
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Figure 3.1: Overview of the thin film sample fabrication. (a) A design for a four-
probe measurement of a 20 pm x20 um square (zoom in (b)) is patterned with
EBL. The large squares in (a) are 300 pm <300 um. (c) Scanning electron micro-
graph (false-colored) of a structure after sputtering and lift-off. The scale bar
indicates 20 pm. (d)-(g) Four samples were produced, each with different com-
binations of Pt and/or Co layers. The layer thicknesses (parentheses, in nm) in
the schematic drawings are to scale w.r.t. one another. Sample S5 was made with
50nm Nb, as a reference to the samples in Chapter 4.

3.1.1 Electron-beam lithography

We use EBL to write a pattern for a 20 pm x 20 um square with four 300 pm-
%300 pm contact pads for wire bonding. Each sample chip contains 8 such
structures. Diced 0.5mm thick Si wafers with 300 nm thermal oxide are
used as substrates and are thoroughly cleaned in acetone with an ultra-
sonic bath for 10 min and rinsed with isopropyl alcohol (IPA). We spin
coat at 4000 rpm with one layer of polymethyl methacrylate (PMMA) 600K
positive resist (AR-P 662.06), followed by one layer of PMMA 950K (AR-P
672.045). The 600K resist has a lower molecular mass and is therefore more
sensitive than the 950K resist, creating an undercut for easier lift-off. The
sample is baked on a hot plate at 180 °C for 3 min after each resist layer.
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3.1 Sample fabrication 23

We use a Raith 100 EBPG to pattern the design with a 350 nC cm 2 dose.
Following the exposure, we develop the patterned sample in a 1:3 solu-
tion MIBK:IPA for 45, dissolving the exposed resist, before stopping the
reaction in pure IPA. Figure 3.1 (a) shows an optical image of a developed
structure, and the 20 um x20 pm square can be seen at higher magnifica-
tion in Figure 3.1 (b).

3.1.2 Thin film deposition

The Co, Pt and Nb layers are deposited on the sample with dc magnetron
sputtering in an ultra-high vacuum (UHV) system. The chamber pres-
sure prior to sputtering was 4.0 x 10719 mbar for S3, S4 and S5, and 3.2 x
10~ mbar for S6. An Ar pressure of 4.0 x 1073 mbar is maintained dur-
ing the sputtering process. For S6, which does not have Co, we confirmed
with atomic force microscopy (AFM) that 4.7 nm sputtered Pt forms a uni-
form film on a thermal oxide Si substrate. To prevent oxidation of the
Nb layer, which is sputtered last, the samples are quickly transferred to a
modified Leybold-Heraeus Z400 dc sputtering machine with a base pres-
sure <1 x 107> mbar to sputter a 5nm Au capping layer at 4.9 x 1072 mbar
Ar pressure. This Au layer will also become proximized when the sample
cools down and becomes superconducting, which will also reduce T¢, but
its thickness is the same for all samples.

After film deposition, we perform lift-off by leaving the sample in ace-
tone overnight and then put this in an ultrasonic bath (at 50%) for a few
seconds. We finish by rinsing the sample in IPA and drying with a nitro-
gen spray gun. See Figure 3.1 (c) for a scanning electron micrograph of a
finished structure after lift-off.

Layer thicknesses

We choose our layer thicknesses to be 50nm for Co, 4.7nm for Pt and
15nm for Nb. The Nb thickness is especially important, since a thinner
layer will show a greater difference in T, due to the proximity effect, but a
layer too thin will not become superconducting. We estimate that 15nm is
an appropriate thickness for the Nb in our bilayer samples, based on work
by Koorevaar, Coehoorn, and Aarts [34] on V/Co multilayers. They found
a critical thickness of 23nm for the V layer, which must be of the order
2861 (0) in multilayers, and a zero-temperature Ginzburg-Landau coher-
ence length &1 (0) = 12.3nm, a value similar to {51 (0) for Nb [20, 22].
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24 Proximity effects in Nb, Pt and Co bilayers

The samples S3, 54, S5 and S6 are shown in Figure 3.1 (d)-(g). S3 is the
sample where Pt is used as a thin interlayer between the Nb and Co. We
wish to determine the effect of the Pt interlayer from comparison with
samples S4 and S6, which respectively lack either the Pt or the Co. The
main purpose of sample S5 is to compare its T, with the T; of the bulk Nb
in the evaporated junction devices in Chapter 4. S5 has 50nm Nb on Pt
and Co and its layers are therefore similar to the junction devices.

3.2 Critical temperatures

To determine the critical temperature of each sample, we measure the
resistance R as a function of temperature T. The four-probe resistances
are measured in a horizontal Van der Pauw configuration (see Figure 3.2
(b)) and the samples are cooled down in a Quantum Design DynaCool-

9T PPMS cryostat. A Keithley current source (6221) and nanovoltmeter
V(100pA) —V(—100pA)

(2182A) are used to apply a current bias and measure R = S00A

We define the critical temperature T; as the temperature where R = 0.5Ry,
Ry indicating the normal-state resistance. For our sample with 50 nm Nb
(S5) we find T, = 7.8 K. This is a common value for sputtered Nb in our lab
and it is slightly higher than the T, y;, of the evaporated devices in Chap-
ter 4. Therefore we also assume good Nb quality in samples S3, S4 and Sé.

The R(T) measurements for samples S3 (Au/Nb/Pt/Co), S4 (Au/Nb/Co)
and S6 (Au/Nb/Pt) are presented in Figure 3.2 (a). A first result is that
the critical temperatures of the Au/Nb/Co and Au/Nb/Pt films are quite
close to one another but Au/Nb/Co has the slightly higher T;, with T, 54 =
6.2K and T, 56 = 5.7 K respectively. This is rather unexpected, since the
exchange field of Co is a strong pair-breaking mechanism while the high
SOC in Pt by itself does not necessarily break Cooper pairs because it re-
spects time reversal symmetry. Furthermore, the T. of Au/Nb/Pt may
be lowered by the proximity effect, but Pt has a short coherence length
(we estimate ~10nm based on Ref.[18]) and the Pt layer is only 4.7 nm
thick, so one would still expect a lower T, for Au/Nb/Co. We do note
that the superconducting transition in Au/Nb/Co is rather broad, ~ 0.6 K,
which suggests that there is more inhomogeneity in the film compared to
the other samples. The thin Nb, sputtered at a 45° angle, possibly grows
less uniform on Co than on Pt. The higher normal-state resistance of the
Au/Nb /Pt sample is due to the total thickness of the film that is only ap-
proximately 1/3 of the total thickness of each of the other samples.
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3.2 Critical temperatures 25

Most notably, sample S3 with both Pt and Co has a significantly lower crit-
ical temperature T, s3 = 3.5K. The difference with samples 54 and S6
is more than 2K, which constitutes a 39% T.-reduction compared to S6
and 44% compared to S4. The physical cause of the low T, is ambigu-
ous, however. From a possible SOC-generated LRTC point of view, it is
thinkable that the SOC introduced by the Pt converts a portion of the con-
densate into the LRTC that can leak into the Co, thereby depleting the Nb
of Cooper pairs and lowering T.. In this interpretation the pair-breaking
effects of the exchange field are also responsible for part of the T. sup-
pression. Alternatively, the combination of SOC and exchange field might
enhance pair-breaking in S3, although it has also been proposed that SOC
can protect against pair-breaking from Zeeman fields or exchange fields
[35, 36]. A Tc-reduction may also be explained by an increase in interface
transparency. It has been measured in S/F multilayers with alloys that a
reduced magnetic moment of F increased the transparency of the interface,
resulting in lower T, [37].

(@) 5[ - '
-= S3 (Nb/PtCo)

' ] (b)
-S4 (Nb/Co)
S6 (Nb/Pt)
1.0¢ 1 I+ I-
o 100 pA
x
0.5} |
/ /= A

0.0

3 4 5 6
T (K)

Figure 3.2: R(T) measurements of the superconducting transitions of samples
S3 (Au/Nb/Pt/Co), S4 (Au/Nb/Co) and S6 (Au/Nb/Pt), measured at a 100 pA
current. (b) Scanning electron micrograph (false-colored) indicating the I /1~
and V' /V~ contacts for the four-probe Van der Pauw configuration.

In a way, the Au/Nb/Pt and Au/Nb/Co samples represent the extremas
of varying the Pt thickness in Au/Nb/Pt/Co: in its thin limit, the Pt layer
approaches 0nm, equivalent to Au/Nb/Co. Meanwhile, a very thick Pt
layer (much thicker than ¢p;) would fully shield off the Co from the su-
perconducting condensate and resemble Au/Nb/Pt. One can therefore
imagine that there exists some Pt layer thickness for which T, is minimal.
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26 Proximity effects in Nb, Pt and Co bilayers

Admittedly, the 4.7nm Pt in our Au/Nb/Pt sample is not in the "thick
limit” since a partial gap in 10nm Pt on Nb has been measured with scan-
ning tunneling spectroscopy [18]. A Au/Nb /Pt sample with much thicker
Pt would be required to support this rather speculative argument, as well
as Au/Nb/Pt/Co samples with varying Pt thicknesses.

3.3 Upper critical fields

We measure the upper critical fields of our films to estimate the zero-
temperature coherence length ¢(0) and find if the film can be described
by the 2D limit of the Ginzburg-Landau model, as another way to probe
the proximity effect. ¢(0) can be calculated from the slope of the upper
critical field Hy, as function of the temperature T, evaluated near T.. In
our thin films, we use the OOP H,,, given by Equation (3.1), to determine

this slope.
o
OOP 0
= 1-T/T, 3.1
®y denotes the magnetic field quantum. We differentiate Equation (3.1)
w.r.t. T to find the slope near T, given by Equation (3.2).

dHCZ (DO

dT |r_r,  27¢%(0)Te 32
When the thickness d of a superconducting thin film is smaller than the
coherence length, the IP upper critical field H'I' of the film can be much
larger than HPT because it does not have much diamagnetic energy to
generate the OOP orbital screening currents in comparison to a bulk su-
perconductor. In the 2D limit, the upper critical field is therefore depen-
dent on the effective thickness d,¢¢ of the superconductor (Equation (3.3))

[38]:

Hg (T) = V3% A (3.3)
7tdefE(0)

A key difference between the expressions in Equation (3.1) and Equa-
tion (3.3) is the power of ¢(0). The temperature dependence of the co-
herence length is ¢(T) « 1/+4/1 — T /T, (Equation (2.3)). For this reason,
the temperature dependence of Hy in 3D is o (1 — T/T,), while in the 2D
limit Hy o< (1 — T/T,)'/2. Hence, we can use Equation (3.4) as a general
equation to describe H.; with a as a measure for the dimensionality of the

thin films.
HC2(T) = HCZ(O K) (1 — T/TC(O T))a (3-4)
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3.3 Upper critical fields 27

Here, Hc»(0 K) is the zero-temperature upper critical field and T.(0 T) is
the zero-field critical temperature.

To obtain our data we measure the four-probe resistance of a sample as in
Section 3.2 while varying the (IP or OOP) externally applied magnetic field
noH in steps of a few tens of mT over a field range in which the supercon-
ducting transition occurs. This type of measurement results in a sigmoid-
shape R(poH) curve and we perform such a measurement for ~20 differ-
ent temperatures below and up to T(0 T) (as measured in Section 3.2).
The upper critical field at each temperature is chosen where R = 0.5Ry.
We fit these data points to Equation (3.4) using H» (0 K), T.(0 T) and « as
fitting parameters, where « provides insight into the 2D or 3D behavior of
our samples [20]. Figure 3.3 (a) shows the results for OOP field , the results
for IP field are presented in Figure 3.3 (b).

(a) — T 7 (b) e ——
= S3 (Nb/P/Co) 10 = S3 (Nb/PYCo)
3t e S4(Nb/Co) |- o =0.51 e S4 (Nb/Co)
~ S6 (Nb/PY) 8 S6 (Nb/PY)
— =
) o 6}
8., "o o =057
:Eo Io 41
K X
ol =065
ok .
6 0 1 2 3 4 5 6
T (K) T (K)

Figure 3.3: Upper critical field yoH as function of temperature for (a) out-of-
plane field, and (b) in-plane field. « indicates the power of the temperature de-
pendence (1 — T/ T.)*. Dots indicate the experimental data points and solid lines
show the results of fitting the data to Equation (3.4).

Focusing on HZOP(T) first, we find that it is approximately linear for all
three samples, following Equation (3.1) as expected from the large lat-
eral dimensions (20 pmx20pm) of the films. It is unclear why the two
samples with Pt (S3 and S6) have slightly lower a®°F, however. We find
dHZOP /dT|,_, = —0.40, —0.60 and —0.57 for 53, S4 and S6, respectively,

c

and calculate ¢(0) to be 15.3nm for S3, 9.6 nm for S4 and 10.1 nm for Sé.
We thus find that the coherence length is more than 50% larger in the sam-
ple with both Pt and Co, compared to only Pt or Co. However, we must
note that this is not an entirely fair comparison, since the condensate de-
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28 Proximity effects in Nb, Pt and Co bilayers

pletion in 54 (Nb/Co) is not from superconducting proximity but from
Cooper pair breaking, which limits the conclusions we can draw from its
calculated ¢(0). An overview of the T, and « fitting parameters and calcu-
lated ¢(0) can be found in Table 3.1.

Next, the parameter a!” from the fits to the poH!J(T) data informs us of
the dimensionality of our films. With a!” = 0.51 we can conclude that the
Au/Nb/Co sample is in the 2D limit, whereas the other two films are in
the intermediate regime between 2D and 3D. For the Au/Nb/Pt sample
it may be that a’” > 0.5 because of the condensate leaking into the 5nm
Au capping layer. Robbins et al. [20] have also investigated the upper crit-
ical fields of (inter alia) Au/Nb/Au and Pt/Nb/Pt (with d 4, py = 15 nm
and dp;, = 25 nm), and found a!” = 0.70 for Au and «!’ = 0.50 for Pt.
Similarly, the Au capping may be partly responsible for a!’ = 0.65 in the
Au/Nb/Pt/Co sample, but there is possibly also some other physics in
play to explain the difference with the other samples.

TOOP (K) 4 OOP TIP (K) 1P £(0) (nm)

(Nb/?’g’:/Co) 3.53+0.01 | 095£0.01 | 3.51 +£0.01 | 0.65+0.01 | 15.3£0.1
(NbS/4Co) 5.894+0.03 | 099 £0.02 | 596 +£0.03 | 0.51+0.02 | 9.6+0.1
(NE?P’() 5.66 £0.02 | 0.94 +£0.02 | 5.65£0.02 | 0.57 =£0.02 | 10.1 0.1

Table 3.1: Overview of the best fitting parameters T, and « to Equation (3.4)
for the OOP and IP data of 53, S4 and S6. The last column indicates the zero-
temperature coherence length ¢(0) that is calculated from HS° (0 K) using Equa-
tion (3.1).

In summary, the Au/Nb/Pt/Co sample displays behavior that strongly
deviates from the samples that only contain Pt or Co, in terms of its Tg,
¢(0) and dimensionality. The behavior could be due to SOC-mediated
LRTC generation, which may explain the low T, as the leakage of equal-
spin triplets into the Co, likely in addition to pair-breaking of a fraction of
the singlets and short-range triplets. This explanation could also account
for the much longer ¢(0) and least 2D-like behavior. However, we lack di-
rect evidence of equal-spin triplets. Additionally, the geometry of the thin
film samples best resembles the transversal geometry with in-plane mag-
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3.3 Upper critical fields 29

netization as treated theoretically by Bergeret and Tokatly [15], a geometry
in which Rashba SOC alone would not produce the LRTC.
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Chapter I

Junctions in Nb/Pt/Co devices

In this chapter, we describe the fabrication and properties of lateral junc-
tion devices that could potentially provide direct evidence of SOC-generated
equal-spin triplets. We intend to create lateral Nb/Pt/Co/Pt/Nb junc-
tions through which singlet and m; = 0 triplet transport is impossible.
Measuring a supercurrent through such a junction would prove the LRTC
that would be generated from the Rashba SOC at the interface with Pt. Sec-
tion 4.1 describes the fabrication process of the devices and we report on
the T, and field dependence in Section 4.2. Section 4.3 discusses if our junc-
tions are of the type Nb/Pt/Co/Pt/Nb with additional measurements.

4.1 Device fabrication

The bar-shaped devices with junctions, an example (dev.1a) shown in Fig-
ure 4.1 (a)-(b), are samples that we fabricated similar to S5 in Chapter 3
(Figure 3.1 (c)), apart from the deposition process and additional focused
ion beam (FIB) milling. We use Ga* FIB to create the 1 pm x5 pm bar struc-
ture and separate the four contacts (Figure 4.1 (a)), and we cut a trench into
the middle of the bar for our Josephson junction (Figure 4.1 (b)). In total,
we made four devices in two different samples, two devices on each sam-
ple, as shown in the overview in Figure 4.1 (c)-(f). The two samples (S1
and S2) differ in the thickness of their Pt layers, and the two devices on a
sample differ in the depth of their trenches. The naming convention of de-
vices 1a, 1c (on sample S1), 2a, 2b (on sample S2) is based on the fact that
samples S1 and S2 each contain 10 structures that can be made into devices
with FIB, that we denote by a letter a-j from the top left to the bottom right.

31

Version of October 13, 2025— Created October 13, 2025 - 11:10



32 Junctions in Nb/Pt/Co devices

(c) dev.1a (d) dev.1c
3)/Nb(50)/Pt(4-6.3)/Co(50) 3)/Nb(50)/Pt(4-6.3)/Co(50)

i SIOo

i SIO

(e) dev.2a (f) dev.2b
3)/Nb(50)/Pt(3-6.3)/Co(50) 3)/Nb(50)/Pt(3-6.3)/Co(50)

i SIO0 i SIO0

Figure 4.1: Overview of the junction devices. (a) Scanning electron micrograph
(false-colored) of the bar-shaped device centered in a 20 nm x 20 pm square of de-
posited material. The small bar in the bottom right functioned as a dose test for
FIB milling. The scale bar indicates 5pm. (b) Close-up of the bar with the junc-
tion. The scale bar indicates 2 pum. (c)-(f) The four devices that were fabricated,
consisting of (top to bottom) Au, Nb, Pt and Co on SiO,. Numbers in parentheses
indicate layer thicknesses in nm. There is some uncertainty in the Pt layer thick-
nesses, see Section 4.1.1. Devices 1a (c) and 1c (d) have thicker Pt than 2a (e) and
2b (f). Devices 1a and 2a have deeper trenches than 1c and 2b.
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4.1 Device fabrication 33

The first step in the fabrication of the junction devices is EBL, exactly as
described for the bilayer film samples in Section 3.1. For the thin film de-
position, however, we use electron-beam evaporation (Plassys MEB600SL)
with base pressure <5 x 10~® mbar to evaporate 50nm Co, a few nm Pt,
50nm Nb and 3nm Au. A quartz crystal microbalance (QCM) monitors
the thickness of the evaporated film. Since the Au capping layer can also
be evaporated in situ, the Nb need not be exposed to air in this process.
The lift-off procedure for the evaporated film is more gentle; a night in
acetone and a rinse in IPA suffices without the need for any ultrasonica-
tion. A drawback to the evaporation of thin layers of Pt, which requires
relatively high emission currents (~75mA), is that heating of the QCM in-
fluences the calculated deposition rate. For very thin Pt films (~<5nm),
this means that the actual deposited film thickness may differ from the de-
sired thickness. We elaborate on this problem, and our determination of
its extent in our samples, in Section 4.1.1. After the deposition and lift-off,
FIB milling is the final step in the fabrication process, which we describe
in more detail in Section 4.1.2.

4.1.1 Thickness of evaporated Pt

The evaporation of Pt causes heating of the QCM, thereby changing its
physical properties, such as a change in density due to thermal expan-
sion. The deposition of Pt on the QCM can also create temperature gradi-
ents across the crystal’s surface [39] that lead to thermal stress [40]. These
thermal effects influence the resonance frequency fq of the QCM, which is
used to calculate the deposition rate using the Sauerbrey equation (Equa-
tion (4.1)) [41, 42].

2fs

Af = ————Am 4.1)
A\/Pqtg

In the absence of thermal effects, the deposition rate that follows from the
mass change Am and the piezoelectrically active crystal area A can be di-
rectly calculated from the measured frequency change Af, knowing the
quartz’s density p, and shear modulus ji, to be constant. However, at the
start of the Pt evaporation process, the QCM heats up and the deposition
rate as calculated from Equation (4.1) is less accurate. The resulting film
thickness may deviate from the desired film thickness by only a few nm,
but this can be problematic when one wants to deposit a film with the

same order of thickness as this deviation.

For our devices we desire a Pt layer thickness of 4nm (S1) and 3nm (52).
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34 Junctions in Nb/Pt/Co devices

To determine the deviation from a 4 nm desired thickness, we made one
‘calibration” sample. We first evaporated 15nm Co and 4nm Pt on a bare
thermal oxide Si substrate. After that, we patterned with EBL an array
of 10 pmx10 pum squares and evaporated another 4nm Pt. After lift-off
we measured the height of the squares with AFM and found an average
thickness of 6.3nm =+ 0.3nm (see Figure 4.2 (a)). Background subtraction
in the AFM image was done using the line-by-line median of differences
and three-point leveling of the substrate.

(a) (b)
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-~ cal.
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Figure 4.2: The calibration sample for Pt evaporation. (a) AFM image of the cal-
ibration sample. The arrow indicates the direction of the averaged line measure-
ment that is shown in the inset. The scale bar indicates 3 um. (b) Deposition rates
during the Pt evaporation processes of samples 51, S2 and the calibration sample
(cal.). The time between the start of evaporation and the opening of the shutter at
time = 0 is the shortest for the calibration sample, as indicated by the arrows.

To argue that 6.1 nm is an upper limit for the Pt layer thickness in both
samples S1 and S2, we compare the Pt evaporation processes of S1, S2 and
the calibration (cal.) sample in Figure 4.2 (b). We can see that the time be-
tween the start of evaporating material (deposition rate > 0) and opening
the shutter (at time = 0s, dashed vertical line) is the shortest for the cali-
bration sample. In other words, during the Pt evaporation process of the
calibration sample the QCM has the least amount of time to reach a stable
temperature before the start of material deposition on the sample. Thus
we conclude that the deviation from the desired Pt thickness is largest in
the calibration sample. The Pt thickness in S1 is therefore between 4nm
and 6.3nm, and in S2 between 3 nm and 6.3 nm. It is reasonable to assume
that the Pt in S2 is thinner than in S1, as desired, but we do not have a
separate upper limit.
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4.1 Device fabrication 35

4.1.2 Focused ion beam milling

We structure our devices in an Aquilos 2 Cryo-FIB. To create the 1pum-
x5pm bar in the center! of the 20 pmx20 um square, we mill away two
rectangles spaced 1 pm apart, all the way through the deposited films, us-
ing a 30 pA beam current. Four line cuts to the edges of the square allow
for a four-probe measurement of the bar. With a 1.5 pA beam current, we
cut a trench in the middle of the bar, perpendicular to its long axis. The
trench is typically ~20nm wide and we intend it to be at least ~60nm
deep, because we wish to fully cut through the Au, Nb and Pt layers.

The way we obtain an estimate for the trench depth in all devices in this
work is shown in Figure 4.3: we determine the cross-sectional depth of
the cut at the edge of the bar (under a 52° tilt angle). This method of
trench depth determination is not very accurate, since the trench is gener-
ally deeper at the edges, so our reported trench depths hold most value in
comparison of the different devices. For that reason the trenches in dev.1c
and 2b are purposefully cut less deep, with the intent to have not reached
the Co. That way, both S1 and S2 each have one device with a ‘deeper’
trench (dev.1a and 2a) and a ‘less deep’ trench (dev.1c and 2b). Measure-
ments might show differences between the ‘deeper” and the ’less deep’
trench that could indicate if the ‘deeper’ trench has cut into the Co.

(a) (b)

Figure 4.3: Scanning electron micrograph (false-colored) of the FIB trench that
makes the junction of device 1a. The scale bar indicates 500 nm. The blue rectan-
gle outlines the region of the close-up in (b) that shows the cross-sectional mea-
surement of the trench depth (66 nm) at 52° tilt and a measurement of the trench
width (18 nm).

1We avoid the edges of the square, where the Nb is contaminated with organic mate-
rial from the PMMA resist.
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36 Junctions in Nb/Pt/Co devices

4.2 Critical temperature and field dependence

We measure the superconducting properties of our devices with DC volt-
age measurements in a Quantum Design DynaCool-9T PPMS and an Ox-
ford Instruments TeslatronCEF, similar to the films in Chapter 3. The four-

probe resistance is measured using a 10 pA current bias, R = V(lopA)za}Y A(_louA) .

Figure 4.4 presents the four-probe resistance R as a function of the temper-
ature T for devices 1a and 1c in (a) and for 2a and 2b in (b) as measured in
the PPMS system. Figure 4.4 (d) shows how the current and voltage con-
tacts are applied. All devices show a first transition around T, 5, =~ 7.5K,
when the Nb becomes superconducting, which is only 0.3K lower than
the T, of the sputtered bilayer film S5 (7.8 K) in Section 3.2. Below T, 3, R
slowly decreases from 0.3 () until the devices become fully superconduct-
ing (R = 0) at Tc,junction-

Regarding the influence of the trench depth on T, j,pction, both Figure 4.4
(a) and (b) clearly show a higher T, for the device with the less deep
trench (dev. 1c, 3.5K; dev. 2b, 4.2K) compared to the deeper trench de-
vices (dev. 1a, 2.1K; dev. 2a, 3.0K). This is a very intuitive result, since
a deeper trench in this device geometry moves the junction further from
the Nb/Pt interface, from where the Cooper pair density reduces in accor-
dance with the proximity effect. Closely related to this point, the trench
depth can make the difference between an S/S’/S (contsriction junction),
S/Nsoc/S and S/Ngoc/F/Nsoc/S junction. In the latter case, a super-
conducting device must generate the LRTC and we expect lower T j,ction
because the loss of the singlet and short-range triplet components de-
creases the Cooper pair density further. Although we have estimates of
the trench depth that would make devices 1a and 2a S/Ngoc/F/Nsoc/S
junctions, we cannot be certain from the RT measurements alone and the
lower T jynction for devices 1a and 2a can also be explained with a S/S’/S
or S/N/S junction without the LRTC.

A second observation that immediately becomes clear from Figure 4.4 (a)
and (b) is that the devices on sample S2 have higher T ju;ction than the de-
vices on S1. While we have already established that the trench depth influ-
ences the T¢ juuction and we do not know the accuracy of our trench depth
estimate, we assume that the estimation of the trench depths is at least
somewhat consistent. Therefore we attribute this observation to the other
main difference between these samples, which is that S2 has a thinner Pt
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Figure 4.4: Superconducting transitions of the devices on samples S1 (4nm to
6.3nm Pt, left) and S2 (3nm to 6.3nm Pt, right). Dark colors indicate deeper
trenches (dev. la and 2a). (a) R(T) of devices 1a and 1c, showing that dev. 1c
becomes superconducting at higher T. The R(T) data are all obtained using a
10pA current. (b) R(T) of devices 2a and 2b, showing that dev. 2b becomes
superconducting at higher T. (c) R(T) for devices 1a and 1c, but now measured
in a system with RC filters. R = 0 at higher T compared to without the filters. (d)
Configuration of the current (I*/1~) and voltage (V*/V ™) contacts used for the
four-probe R measurements.
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38 Junctions in Nb/Pt/Co devices

layer. In light of the short coherence length {p; in Pt, a higher T jypction 18
consistent with thinner Pt in the case of a Nb/Pt/Nb or Nb/Pt/Co/Pt/Nb
junction. In the context of the possible SOC-mediated LRTC there is an
additional consideration, however, in the sense that there could be an op-
timal Pt thickness, due to the competing LRTC generation and short {py,
as previously discussed by Satchell and Birge [10] and Jeon et al. [13]. In
that case these results inform us that our Pt layers are thicker than optimal.

The R(T) measurements are repeated for devices 1a and 1c in the Teslatron
system two months later. This system is equipped with RC filters that
eliminate rounding in I(V) curves by reducing high frequency noise from
thermal fluctuations, and so the transition to the superconducting state
can be measured more sharply. For the junction devices this means that
R = 0Ois reached at higher temperatures than when measured in the PPMS
system. The Teslatron R(T) measurements are presented in Figure 4.4 (c)
and we find for dev. 1a T jynction = 52K and for 1c T¢ juuction = 6.5K (for
unknown reasons, device 1c had higher resistance than before). We do
note that the temperature reported in Figure 4.4 (c) is that of the variable
temperature insert (VTI) since the sample temperature had not yet been
properly calibrated. The T, y, for the Teslatron measurements is only 0.2K
higher than in the PPMS measurements, however, so we do not expect this
deviation to be the main reason for the higher T, j,ction. The RC filters in
the Teslatron insert therefore reveal that the devices 1a and 1c become fully
superconducting at a temperature that is ~ 2.8 K higher than in the PPMS
measurements.?

Field dependence

Measurements of the field dependence of the critical current I, (1o HY"),
shown in Figure 4.5, confirm that we have junctions in all four of our de-
vices through the presence of oscillations. These measurements were ob-
tained from I(V) curves at varying externally applied OOP magnetic field
at T ~ 0.8T junction- The criterion I. = I(0.5 nV) was chosen for the color
scale cut-off. Interestingly, none of the I.(1oH?C") patterns are the typical
Gaussian or Fraunhofer forms that one would expect in a standard (dif-
tusive or ballistic) S/S’/S or S/N/S junction. The pattern for device 1a is

21t should be noted that the same is 1ot true for the bilayer films in Section 3.2. PPMS
and Teslatron R(T) measurements showed no difference in T; for the films, just like the
T Ny of the junction devices remains the same, apart from the difference in sample tem-
perature and VTI temperature.
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Figure 4.5: Critical current oscillations with OOP applied magnetic field o HOOF,

measured at T = 0.8T.. Top: devices on sample S1 (4nm to 6.3nm Pt), bottom:
devices on S2 (3nm to 6.3nm Pt). Left: devices with deeper trenches (dev. 1a and
2a), right: devices with less deep trenches (dev. 1c and 2b).

most reminiscent of a Fraunhofer pattern with oscillation period ~ 8 mT,
except the central lobe width is not equal to twice the oscillation period
and the second-order lobes are wider than 8 mT. For devices 1c, 2a and 2b,
the I.(1oH®C") pattern does not have an easily discernible shape, nor do
we see a connection between I (high or low) and the trench depth (deeper
or less deep).

All in all, the R(T) and I.(uoHO®") data show that we have junctions in
our devices that become fully superconducting. In our lab’s experience
the S/N/S or S§/S’/S junctions that we FIB typically show a Gaussian
or Fraunhofer I.(ugH®O"), so the different I.(ugH®®") patterns in Fig-
ure 4.5 may indicate that we have indeed the S/Ngoc/F/Ngoc/S. In prin-
ciple, this would directly imply the presence of SOC-generated equal-spin
triplets. Nevertheless, the measurements we have discussed so far do not
provide sufficient evidence of the nature of the junctions.
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40 Junctions in Nb/Pt/Co devices

4.3 Is the trench ‘deep enough’?

The junction devices could potentially provide strong evidence for SOC-
mediated LRTC generation but it is essential to know if the trench is cut
through the Pt fully, i.e. if the junction is of the type S/Ngsoc/F/Nsoc/S.
Only then can we indisputably claim an equal-spin triplet supercurrent in
a fully superconducting device, since the SRT and singlet would die out
in the Co. Hence, the most important remaining question is whether the
trench is cut "deep enough’ in any of these devices.

Magnetoresistance

In search of an answer to this question we measure the four-probe normal-
state (T = 10K) resistance of the devices as a function of the externally ap-
plied in-plane magnetic field oH'". The field is applied in the direction
along the short axis of the bar shape, perpendicular to the zero-field Co
magnetization direction that points along the long axis of the bar due to
shape anisotropy. Since the current and field directions matter for these
measurements, the resistance is now measured as R = V(ZOUAE)OIIX“O”A)
while we sweep the field from 200mT to —200mT and back in steps of
1mT or 2mT. Due to the anisotropic magnetoresistance (AMR) of the Co,
the resistance is expected to reach a maximum when the magnetization is
parallel to the current (1gH'” = 0) and decrease as jigH'" is increased [43].
Differences in magnetoresistance that correlate to trench depth may help
determine if the deeper trenches do indeed reach the Co or not.

Figure 4.6 presents the magnetoresistance (MR) measurements for the four
devices and we immediately notice an AMR effect in all devices, as a 1.5%-
2.1% difference in resistance between pgH'” = 0 and yoH!" =200 mT (rel-
ative to R(uoH' = 200mT)). Since these measurements are performed at
10K, the Nb is not superconducting and the current is distributed over
the Nb, Pt and Co except at the location of the trench. The AMR ratio is
largest in device 1a (2.1%, deeper trench) and smallest in 1c (1.5%, less
deep trench), but we do not see the same trend in devices 2a and 2b.
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Figure 4.6: Magnetoresistance measurements with an in-plane external magnetic
field perpendicular to the long axis of the bar, as indicated by the insets. The blue
data points show the data of the field sweep from 200mT to —200mT, the ma-
genta data points show the data from —200mT to 200mT. Top: devices on sam-
ple 51 (Anm to 6.3nm Pt), bottom: devices on S2 (3nm to 6.3nm Pt). Left: devices
with deeper trenches (dev. 1a and 2a), right: devices with less deep trenches (dev.
1c and 2b).

Another notable feature in the MR of device 1a is the jump that occurs
near uoH!” = 0. This jump appears when pgH'' is lowered to zero af-
ter magnetizing the Co perpendicular to the current direction: the resis-
tance goes up, but stops at a lower value before jumping up to the original
value of the resistance before an external field was applied. A possible ex-
planation is the trapping of a domain with perpendicular magnetization
that causes the lower resistance. Curiously, the smaller jumps in the MR
measurements of the devices with the less deep trenches (1c and 2b) are
jumps down to a lower resistance. We currently do not have an explana-
tion for this behavior. Furthermore, the MR of device 2a has no jump at
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42 Junctions in Nb/Pt/Co devices

all; instead, there is displacement of the resistance peak depending on the
direction in which the magnetic field was swept, reminiscent of observa-
tions in the MR of (unstructured, polycrystalline) Co films [44, 45], and to
a smaller extent the same is present in the MR of device 1a.

Although there are some differences between the MR measurements of
the four devices, we do not observe structural differences that correlate to
the trench depth. Further insight into these measurements requires micro-
magnetic simulations to see, for instance, what influence the trench has on
the formation of magnetic domains in the Co layer. It may well be that
the trench has no great influence even if it reaches the Co, since the trench
ultimately only occupies 20 nm of the 5 um length of the bar.

Temperature dependence of the critical current

So far in this work, we have assumed that the trench is ‘deep enough’ if
the trench cuts through the Pt interlayer fully. As a remark on the criterion
for the trench to be "deep enough’, it is important to realize that this crite-
rion may differ for LRTC detection and generation. To be absolutely certain
that we have measured the LRTC it is necessary to cut the trench all the way
through the Pt layer, such that the singlet and short-range triplet compo-
nents of the condensate certainly die out in the Co. If we know this to be
true, then we can be sure there is a LRTC if the device becomes fully super-
conducting. However, it may not be necessary to cut through the Pt layer
fully for the LRTC to be generated. A Nb/Pt/Nb junction may already ef-
tectively be a S/Fsoc /S junction if the Pt is proximity-magnetized[46] by
the Co layer.

The possibility of LRTC generation even if the trench does not reach the
Co, could provide an explanation for the temperature dependence of the
critical current density that is shown in Figure 4.7. These measurements
for devices 1a and 1c are obtained with I(V) measurements at different
temperatures below and up to just above T¢ jynction (as determined from
Figure 4.4 (c)) from which the critical current I. is determined. I, is chosen
as the last data point before V > 11V which, due to the sharp nature of all
acquired (V) data in the Teslatron system, proves to be an accurate mea-
sure. In device 1a, we measure critical currents of tens of pA up to 150 pA,
while the critical current in device 1c is of the order of hundreds of pA, up
to 600 pA.
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4.3 Is the trench "deep enough’? 43

We estimate the critical current density J. = I./(w - t) based on the width
w of the junction (1 pm) and the thickness t as the difference between the
total evaporated film thickness and the estimated trench depth. The data is
fitted using Equation (4.2), a relation similar to the fit for the upper critical
field in Equation (3.4).

]c(T) - ]C(O) (1 - T/Tc)a + ]c,res (4-2)

Here ](0) is the critical current density at T = 0K. Due to the finite value
of the critical current in all of our data, we could not fit our data using T; as
a fitting parameter. Instead, we used T, as determined from the Teslatron
R(T) measurements in Figure 4.4 (c) where R = 0. T, therefore corre-
sponds to I, < 10pA and this is reflected in the fitting parameter J. s,
with which we allowed for a residual critical current density at T..

00 02 04 06 08 10
T/T

c

Figure 4.7: Critical current density as function of the reduced temperature T/ T,
for devices 1a (deeper trench) and 1c (less deep trench). Dots indicate experimen-
tal data, and solid lines are the fits to Equation (4.2). The power « that results
from the fit is annotated near the associated curve, showing an approximately
quadratic temperature dependence for device Ic.

The power a informs us of the possible nature of the supercurrent. In
theoretical work on Josephson junctions with a half-metallic ferromag-
netic (HMF) weak link, the critical current density for short junctions in
the clean limit was found to have a (1 — T/T.)? dependence [47, 48]. In
such junctions the superconducting transport is carried in full by equal-
spin triplets due to the 100% spin-polarization of the HMF. The quadratic
dependence was also found experimentally in Lag 7Srp 3MnOs-based junc-
tions where the LRTC is generated [9]. Meanwhile, the expected tempera-
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44 Junctions in Nb/Pt/Co devices

ture dependence of ], for short junctions with a normal metal weak link is
(1-T/T,) [49].

Our results in Figure 4.7 show a near-quadratic dependence for device 1c
(less deep trench) with « = 1.98 £ 0.02. In the device with the deeper
trench (1a), the T-dependence fits to « = 1.59 £ 0.01. If « = 1.98 is indica-
tive of the LRTC in device 1c, then the deeper trench in device 1a can in-
tuitively explain the lower value for a. We assume it would then be likely
that the trench in device 1a is deep enough to cut into the Co, making the
junction longer and further removed from the Nb/Pt interface. However,
the theory that Eschrig and Lofwander [47] developed may not be directly
applicable to our devices since Co is not a HMFE.

Then let us not assume the presence equal-spin triplets. Our junctions
are still in the short junction limit, regardless of the depth of the trench:
¢np ~ 10nm to 15nm and we estimate {p; ~ 10 nm based on the scanning
tunneling spectroscopy measurement of 10nm Pt on Nb by Flokstra et al.
[18]. Both are of the same order magnitude as the junction length, which is
~20nm. Furthermore, the junction length only starts to increase if we cut
into the Co, but to have any superconducting transport in that case requires
the LRTC by default. Thus, if we do not assume the LRTC, we can assume
a short junction. For a short junction, our finding that J. « (1 — T/T,)*
is heavily anomalous in light of the expected « (1 — T/T,) dependence.
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Chapter 5

Conclusions

In summary, we have performed transport measurements on Au/Nb/Pt/Co,
Au/Nb/Ptand Au/Nb/Co samples for evidence of Rashba SOC-mediated
generation of equal-spin triplets in Nb/Pt/Co. Our samples include films
that are structured with EBL into 20 umx20pum squares for a Van der
Pauw configuration, and 1 pm x5 pm bar-shaped devices with Josephson
junctions structured with FIB.

One striking result is the low T, of the Au/Nb/Pt/Co film, which is 2K
lower than the T; of the films with Pt or Co. With only 15nm Nb, super-
conductivity in these films is suppressed by proximity and pair-breaking
effects, resulting in reduced T;. In addition, upper critical field measure-
ments reveal that the superconducting condensate is least 2D-like in the
Au/Nb/Pt/Co film and its coherence length is 50% larger than for Au/Nb/Pt
and Au/Nb/Co. These observations can be consistent with enhanced
proximity in Co due to LRTC generation, but other explanations, such as
increased interface transparency, are possible. We must also note that the
geometry of these samples resembles the transversal geometry with in-
plane magnetization that according to Bergeret and Tokatly [15] cannot
produce the LRTC with only Rashba SOC. A lateral geometry is preferred.

Our devices feature lateral Nb/Pt/Co/Pt/Nb junctions that could poten-
tially provide irrefutable evidence for SOC-mediated LRTC generation.
R(T) measurements show that the devices become fully superconducting
and their I.(oHOPO") patterns confirm junctions. We find that a deeper
FIB trench and a thinner Pt layer are both related to a lower junction T..
These results are all consistent with the LRTC, but they are also perfectly
in agreement with regular singlet superconductivity if we lack proof that
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the FIB trench is deep enough to create a Nb/Pt/Co/Pt/Nb junction.

Finally, the temperature dependence of the critical current density of our
junction devices is anomalous if we do not assume the LRTC. We find
Jo(T) o« (1 —T/T.)® for a device with a less deep trench, and J. o
(1-T/ TC)1'59 for a deeper trench, whereas « (1 — T/T,) is expected in
the short junction limit if we have a Nb/Pt/Nb or constriction junction. A
quadratic temperature dependence may indicate equal-spin triplet trans-
port according to Eschrig and Lofwander [47], although their theory was
developed for HMFs and therefore may not be directly applicable to our
samples.

The main limitation on the conclusions that we can draw from our mea-
surements is that we do not know the accuracy of the trench depth es-
timates. It is possible that the cross-sectional line measurement method
provides an overestimation, in which case it may well be that none of the
devices has a Nb/Pt/Co/Pt/Nb junction. Magnetoresistance measure-
ments of the devices do not offer sufficient insight into the matter. Al-
ternatively, performing a cleaning cut cross-section with FIB might be a
better option to estimate the trench depth. The biggest difficulty is that
over-milling is also not desired: if the trench is too deep, the junction will
become too long even for the LRTC to survive. This introduces the compli-
cation that, if the trench certainly cuts into the Co, a non-superconducting
device could indicate either the absence of the LRTC or a too deep trench.
Thus, the trench depth is a highly delicate parameter in these devices that
we do not have adequate control over at present.

Further efforts should therefore first focus on films to investigate the na-
ture of the lower T, and larger ¢(0) in the Au/Nb/Pt/Co sample, where it
could be fruitful to vary the thickness of the Pt layer or produce trilayers
(such as Co/Pt/Nb/Pt/Co) to improve the symmetry of the samples. The
more involved junction devices could be studied by producing many with
varying trench depths and perhaps this would shine light on the trench
depth issue.

We have not unequivocally confirmed the SOC-mediated LRTC in this
work, nor have we completely refuted it. However, our measurements
of the films and J.(T) of the junction devices do harbor some surprises
that provide grounds for further fundamentally interesting research into
Pt and the SOC-generated LRTC.
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