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Introduction

Nanomagnetism is an area of research in Physics that studies magnetic properties
of samples which have at least one dimension in the nanometer range. The aim of
nanomagnetism is to investigate properties and applications of nano-objects, such as
particles, dots, wires, or thin films or bulk samples exhibiting changes in magnetism
(like magnetic domains or interfaces) at the nanoscale.
Among all the applications of nanomagnetism, the most successful one has been in
the field of information storage and data communication. In the last few decades,
magnetic recording has drastically improved, getting able to boost both areal den-
sity and data rate. The rapid growth of this technology was made possible only by
the effort in analyzing the properties of magnetic thin films and of small magnetic
particles that constitute a key part of magnetic read heads and hard disk platters.
Another emerging field where magnetism plays a crucial role is spintronics, for
the implementation of the next generation of nanoelectronic devices with reduced
power consumption, increased memory and processing capability. Such devices are
based on the interaction of magnetic materials with the spin degree of freedom of an
electric current and make use of films and other magnetic structures at the nanoscale.

To investigate the electronic correlations that give rise rise to macroscopic phe-
nomena such as magnetism, superconductivity, and topological phases, it is nec-
essary to fully understand the micro- or nanoscopic mechanism behind them. This
study often requires probes with very fine spatial resolution, capable to sense changes
in magnetic field over a length scale of hundreds of nanometers or less. Not many
imaging techniques can provide that, especially when the information is not acces-
sible by optical or topographic images.
Magnetic field changes not only take place on short distances, but might as well be
extremely weak to probe. This happens when the electronic properties are defined
by a small fraction of electrons participating in a certain order, or when the phe-
nomena take place in material layers that are screened by other layers above them.
Furthermore, perturbation of the electrons by the sensing probe can be detrimental
for the observation of some phenomena. So, in many experiments, a sensitive sensor
offering high spatial resolution and low invasiveness is desired.

Among the variety of magnetic probes, the one interesting this thesis work is
the Superconducting Quantum Interference Device (SQUID). SQUIDs are supercon-
ducting interferometers, defined by a loop threaded by magnetic field, and are one
of the most powerful magnetometers, due to their excellent sensitivity to stray mag-
netic field and a negligible perturbation of the sample under investigation. A further
strong point is their versatility to probe a broad range of electronic orders, due to the
possibility to perform local thermometry and susceptometry measurements.
The success of SQUID microscopy comes from the balance between magnetic field
sensitivity and spatial resolution. The latter is mainly influenced by the size of the
SQUID loop and by the distance of the loop from the studied surface. Great effort
and research were invested over the years in designing SQUIDs with miniaturized
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loops and in configurations that could be approached hundreds of nanometers away
from the surface of interest [1].
A game changer in the history of Scanning SQUID Microscopy (SSM) is represented
by the innovative idea, by Finkler et al. in 2010 [2], of fabricating a SQUID loop on
the apex of a laser-pulled quartz pipette, having a sharp tip with an apex diameter of
few tens of nanometers. This configuration brings three main advantages: a easier,
self-aligned fabrication process, the possibility to miniaturize and tune the SQUID
loop down to a nanometric size and, ultimately, a design that allows to move the
SQUID loop and approach it at sample to probe distances comparable to the SQUID
diameter. The consequent fine spatial resolution that can be achieved has led the
SQUID-on-Tip (SOT) technique to tens of remarkable achievements over the last
decade, probing magnetic fields and heat dissipation with sub-100 nm resolution
[3–7].
In many reported SOT publications, a common material choice for the SQUID fab-
rication is Pb, due to its softness and the provided extremely low magnetic noise.
The softness plays a role when depositing superconducting thin films on top of
the curved pipette surface, while the noise limits the minimum detectable magnetic
field. Other reported evaporated materials providing low noise SQUID sensors are
Sn and In [8].

In this thesis work, a contribution to the SOT field is brought, focused on imple-
menting a new deposition method, that extends the range of materials that can be
used to coat the quartz pipettes. In fact, thermal evaporation is limited to elemental
materials and not suitable to deposit metal alloys. An alternative choice is given by
magnetron sputtering, which is a physical vapor deposition method, using a plasma
of energetic ions to extract atoms from a metallic target and coat a surface of interest.
Sputtering is compatible with a broad range of materials and is mainly used for thin
film deposition on planar wafers due to the offered low film roughness, the strong
material adhesion and the high film purity. On the other hand, contrary to the di-
rectional, point-like source thermal evaporation, magnetron sputtering provides a
diffusive deposition.
Fabricating SOT sensors via thin film sputtering deposition was already reported
in literature, with a method based on creating a collimated, differential pressure,
magnetron sputtering technique [9]. The difference in pressure allows for a quasi-
ballistic flow of atoms from the target to the pipette, helping to preserve the SQUID
geometry. Here we start by replicating this method, and resulting SOT sensors with
sub-100 nm diameter made of MoGe are shown. The choice of MoGe is motivated by
the will to fabricate a SQUID suitable to work in presence of high applied magnetic
field, which offers the potential to study interesting phenomena, such as quantum
hall effect in 2D electron gas.
As a further step towards sputtered SOT sensors, we invested effort in depositing su-
perconducting materials via direct magnetron sputtering method, without the need
of a differential pressure, collimation system. The initial choice of material is Nb,
which has a high critical temperature and is known to have a low kinetic inductance,
and so a high magnetic response. The idea of removing the collimation chamber is
mainly motivated by two reasons: from a practical point of view, the collimation pro-
cess elongates the sputtering time, leading to more maintenance of the setup, while
the achieved thin film quality is lower. As a further improvement of the film quality,
the thin superconducting film is protected by thin Ti layers from the contamination
from quartz underneath and from degradation from oxidation. The quality improve-
ment of the thin Nb film is demonstrated by a electric transport test performed with
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planar devices, where the encapsulated film sputtered without collimation system
is proved to enhance the critical temperature by a 25% factor with respect to a film
with same thickness sputtered with collimation.
The property of directionality in depositing superconducting materials via mag-
netron sputtering method is achieved by a short distance from the target to the
pipette, combined to the engineering of the capillary shape. The pipettes include
four, symmetric, grooves, which act as a physical barrier and help in avoiding elec-
trical shorts between the two superconducting electrodes. The shape of the groove
is customized in order to maximize this effect.
The results achieved by magnetron sputtering deposited Nb SOTs are presented in
Chap. 2, together with the results of MoGe SOTs, fabricated via collimated mag-
netron sputtered, and of thermally evaporated Pb SOTs. A comparison between
these three materials can be made and the choice of material according to the planned
experimental application is discussed.

Chap. 3 focuses on the application of a MoGe SOT for the investigation of mag-
netic phases in a bulk crystal of Cu2OSeO3. This chiral magnet is the first insulating
material which was found to host a lattice of topologically non-trivial spin textures
called magnetic skyrmions [10]. Skyrmions can be extremely small, with diameters
in the nanometer range, and behave as quasi-particles that can be created, manipu-
lated, annihilated, which makes them suitable for applications in the fields of logic
technology and information storage. Furthermore, skyrmions in Cu2OSeO3 exert a
strong magnetoelectric effect: being this material an insulator, this gives the possibil-
ity to use an electric field to manipulate skyrmions without energy loss due to Joule
heating.
Usually, skyrmion phases exist at a relatively high temperature of tens of Kelvin,
because they require thermal fluctuations to become thermodynamically stable in
bulk materials. Such high temperature skyrmion phases cannot be accessed by the
SOT technique due to the limitation imposed by the critical temperature of our sen-
sor. However, recent measurements by Chacon et al. [11] showed the presence of
a second, low temperature skyrmion phase in Cu2OSeO3, which appears when an
external magnetic field is applied along the [001] crystal axis. This phase is distinct
from the well-known high temperature phase, is highly hysteretic, and appears to
be stabilized by cubic anisotropy.
Real-space imaging of magnetic textures at the surface of a bulk crystal hosting
skyrmions can shed light on the spin arrangement inside the crystal and on the
mechanism through which single skyrmions appear and aggregate in a ordered lat-
tice. SQUID microscopy is a perfect candidate for such an investigation, thanks to
the high magnetic sensitivity, the fine spatial resolution and the low sample inva-
siveness.
Contrary, we can mention other well-established techniques which show potential
limitations. One of them is Lorentz Transmission Electron Microscopy (LTEM), a
powerful tool to study magnetic domain structures formed due to the interactions
between the electron beam and the emergent magnetic fields accompaying their in-
trinsic local magnetization distribution [12]. It provides insight into magnetic struc-
tures, with a spatial resolution better than 20 nm. However, the transmission re-
quires the sample to be extremely thin, so that LTEM is not suitable to investigate
bulk crystals.
Another candidate could be Magnetic Force Microscopy (MFM), whose imaging ca-
pability relies on the magnetostatic interaction between a magnetic tip and the stray
magnetic field of the sample under investigation. Despite a spatial resolution as
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good as 10 nm and the possibility to scan over bulk crystals, MFM is not so sensitive
to weakly magnetized samples and the tip can result to be invasive, in terms of sam-
ple perturbation.
A possibility is offered by Scanning Nitrogen-Vacancy Centre Microscopy (SNVM),
a technique which is based on a nitrogen-vacancy centre, hosted within a crystalline
diamond nanopillar, scanning over a surface of interest [13–15]. It has emerged as
a powerful microscopy for studying weak stray field patterns with nanometer res-
olution. However, due to the internal crystal anisotropy of the spin defect, external
bias fields, critical for the study of magnetic materials, must be applied along spe-
cific spatial directions. Some further challenges emerge when working at cryogenic
temperature and a limitation concerns the relatively low operating field of sensor.

Our work used a SOT made of MoGe with high flux sensitivity and sub-100 nm
spatial resolution to perform real-space imaging of the magnetic textures at the sur-
face of a polished Cu2OSeO3 crystal. Magnetic images at 1.8 K and at different mag-
netic fields applied along the [001] crystallographic direction are reported. By chang-
ing magnetic field, it is possible to resolve the helical, tilted conical and field polar-
ized magnetic phases and to extract the angle of the tilted conical modulation with
respect to the magnetic field axis. This angle matches the value measured by Small
Angle Neutron Scattering (SANS) technique [11]. A further topic is brought into
discussion, about the observation in the tilted conical phase of circular objects, with
estimated dimensions of 60 nm. The shape of these objects, either single or disposed
in straight lines, remind magnetic skyrmions and the presence of a mixed tilted coni-
cal and low temperature skyrmion phase would be supported by the phase diagram
reported in literature [11]. Due to the size of magnetic skyrmions in this material
and a lack of spatial resolution, it was not possible to confirm their observation;
however, these results are a promising first step towards real-space imaging of the
low temperature skyrmion lattice in Cu2OSeO3.
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Chapter 1

Background

The purpose of this chapter is to summarize the essential background necessary to
understand the following experimental chapters.
Initially, a short history of scanning probe microscopy is provided, reporting the first
experimental steps that led to what now is an extremely broad and well developed
field of research. In this thesis, special attention is paid to scanning probe microscopy
techniques suitable to map stray magnetic fields.
The main section of the chapter describes in detail the SSM technique. Josephson
junctions and SQUID loops are introduced and the dependence of their behavior
on many parameters is analyzed. Then the focus shifts on how to use a SQUID
sensor to perform a scanning probe microscopy experiment. A brief overview of the
approach with planar on-chip SQUIDs is reported, followed by a detailed section
regarding the SOT technique.

1.1 Origin of Scanning Probe Microscopy

The field of Scanning Probe Microscopy (SPM) owns its origin to the seminal talk
given by Richard Feynman in 1959 at the annual meeting of the American Physical
Society. The talk, entitled “There’s Plenty of Room at the Bottom” was focusing on the
problem of manipulating and controlling things on a small scale and was covering
a broad range of concepts and opportunities, that subsequently would have been
topics of interest in the field of nanoscience. For example, he asserted that laws of
physics do not prevent manipulation and interrogation of materials at the atomic
scale and he discussed some concepts on how to produce nanometer-sized devices.
Finally, Feynman highlighted the potential impact of the capability to interrogate
and manipulate matter at the atomic scale and asserted that this ability would give
rise to technologies such as high-density data storage, materials engineering at the
atomic scale, and miniaturization of computing devices.
The bridge between macroscopic world and single-atom manipulation was the in-
vention of SPM, which at first provided real-space images of surfaces with high spa-
tial resolution. These images rely on the detection of the local interaction between
a small probe tip and a surface, on a spatial range that can vary from hundreds of
micrometers down to few picometers. According to the type of interaction, and so
to the particular SPM technique, images can represent physical surface topographic
contrast, electronic structure, electric and magnetic fields and so on [16].
The first important step in SPM was the invention of the Scanning Tunnel Micro-
scope (STM) in 1982 by Binnig and Rohrer [17], an invention that led them to win
the Nobel prize for physics four years later. The STM consists of a small, sharp metal-
lic needle, scanning over a conductive surface of interest at very short distance (less
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than 1 nm). At such distance, a quantum effect called tunneling takes place: regard-
less of the thin insulator or vacuum gap, an electric current can flow from the very
last atom of the tip apex to individual atoms at the surface [18, 19]. By controlling
the amount of tunneling current, it is possible to tune the distance between tip and
surface. In a typical STM experiment, piezoelectric elements are used to move the
tip in three directions with sub-angstrom resolution. Feedback electronics allows to
keep a tip to sample distance corresponding to a chosen constant value of tunneling
current. The distance is recorded by a computer as a function of lateral (x, y) position
and displayed as a microscope image. For achieving a scanning spatial resolution at
the atomic scale, a key element is to decouple the experimental setup from external
mechanical vibrations.
The few ingredients required for a STM experiment constitute the base elements for
all the following, widely used and developed, SPM techniques: a short-range in-
teraction, a local probe scanning over the surface of interest and sensing the probe-
sample interaction with fine spatial resolution, an electronics recording and analyz-
ing the data, an advanced setup design to isolate the experiment from external noise
sources such as mechanical vibrations.
The second milestone in SPM was the invention of the Scanning Force Microscope
(SFM) in 1986 by Binnig, Quate and Gerber [20]. This instrument relies on the short-
range force interaction between probe and surface of interest. A typical experiment
is analogous to what already pictured for STM, with the difference that the probe
to surface distance is controlled in such a way the force between tip and sample re-
mains constant. This kind of device constitutes an extension of STM: in fact, while
the current flow by tunneling effect is limited to conductor or semi-conductor sam-
ple surfaces, SFM can investigate the topography of any surface, conductive or in-
sulating. Assuming that the resolution of the instrument is determined by the force
between the closest atoms of tip and surface, this microscope is usually known as
Atomic Force Microscope (AFM).
Over the course of few years, an entire family of SPMs grew up and it became possi-
ble to access different types of physical information by suitably replacing or altering
the probe according to the specific properties of the material under investigation.
An example is represented by MFM [21], where the tip of a AFM cantilever is coated
with a magnetic material such as cobalt. This allows the probe to map the stray field
emanating from a sample surface with high spatial resolution and sensitivity. In a
similar way, AFM probes modified with biological materials can be used to achieve
maps of biomolecular forces [22]. In addition to two-dimensional images, SPM tech-
niques represent a powerful tool to manipulate materials at the nanoscale: in fact,
local probes can be used to deposit material, or as a lithographic tool to etch material
away, or as a tool to change orientation of magnetic domains of a material.
For the purpose of this thesis, among all the SPM techniques that can be mentioned,
some further attention will be paid to the ones suitable for magnetic field imaging at
the nanoscale.

1.2 SPM techniques for magnetic field imaging

The development of magnetic imaging techniques is driven by applications in fields
such as magnetic storage and information processing, where an understanding of
magnetostatics and dynamics with spatial resolution of tens of nanometers or better
is required. This kind of imaging is of great relevance, since it sheds light on proper-
ties and phenomena that cannot be investigated by topographic or optical imaging
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techniques. To just mention few examples, superconducting properties can be stud-
ied, such as clusters, vortices, penetration depth [23]. Material properties, such as
length scales, role of defects, inhomogeneities and interations get accessible in a not
invasive way. It is possible to reconstruct magnetization patterns, current distribu-
tions and spin configurations. Moreover, the very fine spatial resolution allows to
investigate the properties of engineered 2D materials [24].
Among the most widely used techniques to map stray magnetic fields, either gener-
ated by current distributions or magnetization patterns, very important are: MFM,
with standard AFM cantilever probes or individual nanowires; SNVM; Scanning
Hall bar Microscopy (SHM); SSM, realized with planar devices or more complex
designs. In the following, a short, general introduction for all these techniques is
reported, with the working principle, operation range and state-of-the-art of the
sensors. SSM will then be covered more in detail in the next section, since it is of
primary importance for the thesis contents.

As previously mentioned, MFM was developed as an improvement of AFM and
it was the first SPM technique to be implemented for imaging magnetic fields of
surfaces with high spatial resolution [21, 25]. The imaging capability relies on the
magnetostatic interaction between a magnetic tip and the stray magnetic field of the
sample under investigation.
In a typical experiment, the probe is constituted by a commercial AFM cantilever
made of Si, SiO2, Si3N4, coated with a ferromagnetic material, such as Co or Ni. The
cantilever is scanned over a surface of interest due to the use of piezoelectric ele-
ments, while the motion amplitude and mechanical frequency of the cantilever are
recorded by optical deflection or interferometry. In particular, both amplitude and
mechanical frequency respond to gradients of the stray field of the sample.
To mention some advantages, MFM experiments can take place under different en-
vironmental conditions (such as air, vacuum, liquids) and under a wide temperature
range. Scanning is rather fast, in such a way it is possible to cover an area of several
squared micrometers in few minutes. On the other hand, MFM images only provide
information about stray field gradients; reconstructing a map of the exact magnetic
field is often not trivial and requires a process of deconvolution where the shape of
the tip and its magnetization configuration are known.
Speaking about performance, the cantilever’s design leads to very high spring con-
stant values (order of magnitude of 1 N/m). This gives the benefit of fine spatial
resolution (tens of nanometers, down to 10 nm in vacuum and at cryogenic temper-
ature [26, 27]). However, MFM is not so sensitive to weakly magnetized samples,
in fact typical stray field gradients have to be on the order of magnitude of tens of
T/m

√
Hz. Moreover, the tip can result to be invasive, in terms of perturbation of the

sample surface.
A valid alternative to cantilever probes is constituted by carbon nanotubes [28] or
single nanowires [29, 30]. The smaller size of such probes naturally gives the ad-
vantages of low invasiveness on the sample surface, better spatial resolution and
really good force sensitivity (as good as 1 aN/

√
Hz [31]) and magnetic sensitivity

(nT/
√

Hz [32]). However, both nanotubes and nanowires are still in a preliminary
stage and are not beyond proof-of-principle stage yet.
The sensitivity to magnetic fields and magnetic field gradients is finally limited by
thermal noise, causing random fluctuations in the measurements of frequency and
mechanical amplitude of either cantilevers or nanowires. It is important to mention
that sensitivity also depends on other parameters, such as probe to sample distance
and type of measurement (DC or AC). Moreover, additional noise sources, such as
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temperature variations, can avoid to reach the thermal limit on frequency measure-
ments.
Summarizing the key parameters [27, 33–35], both cantilevers and nanowires allow
to measure from above room temperature down to cryogenic temperature, and with
external applied magnetic fields of 10 T or more. As a combination of sensor size and
sensor to sample distance, typical spatial resolution is 10 - 100 nm for cantilevers and
100 nm for nanowires. For what concerns magnetic sensitivity, nanowires turn out
to be much more sensitive, showing an AC/DC sensitivity of few nT/

√
Hz, while

cantilevers have AC sensitivity of about 200 nT/
√

Hz and DC sensitivity of 10 - 100
µT/
√

Hz.

Originated in 2008, SNVM is a quite novel technique, which uses a nitrogen-
vacancy centre, hosted within a crystalline diamond nanopillar to scan over a sur-
face of interest [13–15]. NV centres are electronic defect spins in diamond, which are
usually accessed by optical setup.
Experiments involve the use of optically detected magnetic resonance spectroscopy
(ODMR), which consists in exciting and at the same time optically reading out the
state of the defect spin, while the electron paramagnetic resonance spectrum of the
nitrogen-vacancy is recorded. The mechanism providing magnetic field sensitivity
is a Zeeman shift of the spin resonances: in presence of a weak, external magnetic
field, with a component parallel to the vacancy symmetry axis, the ms = ±1 spin
states undergo a linear shift, proportional to the free-electron gyromagnetic ratio
γ = 2π · 28 GHz/T. So, while exciting the defect spin either by continuous wave or
by microwave excitation, the ODMR spectrum records a change in the optical inten-
sity [36].
In a typical SPM experiment, nitrogen-vacancy centres are implanted at a depth of
few tens of nanometers from the edge of the nanopillar, with a state-of-the-art im-
plantation depth of 10 nm [37]. The really short distance is of great importance in
order to maximize spatial resolution and sensitivity. As standard for other SPM
techniques, the probe is kept fixed at one position, while the sample underneath is
moved by a set of piezoelectric elements. To control the pillar to sample distance and
make as short as possible, the probe can be coupled to a mechanical tuning fork. As
already mentioned, the excitation of the defect spin and the fluorescence detection
are optical and are provided by an objective lens placed above the pillar.
For what concerns the performance of this technique, the best spatial resolution is
around 20 nm [38], even though 10 nm is achievable if a shallow nitrogen-vacancy
centre is combined to a very short implantation depth and the sample is scanned
at the minimum pillar to surface distance. Magnetic field sensitivity is about 100
nT/
√

Hz [39] for AC signals and few µT/
√

Hz [40] for DC signals. Temperature
operation range is in priciple very broad, in fact it is possible to operate from room
temperature down to 1 K. However, some challenges emerge at cryogenic tempera-
tures, related to charge stability, reduction of photoluminescence contrast and pos-
sible perturbation of fragile samples due to the optical excitation. Experiments at
high fields may be challenging as well, because of the high-frequency microwave
needed to excite the electron spin and a spin-level mixing phenomenon taking place
for fields which are misaligned from the nitrogen-vacancy symmetry axis [41].
The ultimate noise limiting SNVM is photon shot noise from the optical read-out
[42]. The minimum magnetic field which can be detected, Bmin = 1/γε

√
I0tintT2, is

a function of gyromagnetic ratio γ, optical contrast ε, maximum photon count rate
I0, photon integration time tint and decoherence time T2. This leads to the AC and
DC sensitivity previously reported. Further improvements are not straightforward,
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but might be achieved by reducing the implantation depth while maintaining the
coherence properties. In fact, the combination of 2 - 3 nm implantation depth with
decoherence time T2 greater than 10 µs [43] could lead to a AC sensitivity below 10
nT/
√

Hz.

SHM bases its working principle on the Hall effect [23]. When a longitudinal cur-
rent Iy flows through the bar in presence of an external magnetic field Bz oriented
perpendicular to the plane of the Hall bar, the bar develops a transverse voltage
Vx = −IyBz/en, where n is the carrier density per unit area of the Hall bar. This
implies that large Hall voltages can be developed by materials which have a small
carrier density per unit area, such as semi-metals, semi-conductors or 2D electron
gases at the interface between semi-conductors with different band gaps. Follow-
ing this concept, a Hall bar sensor can be used as a scanning probe tool: when in
proximity to a sample surface of interest characterized by a certain magnetic field
Bz oriented perpendicular to the plane of the Hall bar, the Hall sensor measures a
transverse voltage Vx proportional to the magnetic field averaged over the sensor.
After initial Hall bar systems made of Bi, InSb, GaAs, more advanced and complex
structures were realized, showing smaller size and higher sensitivity to magnetic
field. To mention some materials, GaAs/AlxGa1-xAs [44–46], GaSb/InAs/GaSb [47],
Si/SiGe [48] and InGaAs/InP [49] were used.
Speaking about permormance, the sensors have a spatial resolution of 100 nm, which
is mainly limited by the fact that the 2D electron gas is not in contact with the outer
surface, but in fact is positioned 50 - 100 nm underneath. A recent work [50] using
GaAs/AlxGa1-xAs heterojunction electron gas material, at cryogenic temperature,
reports a magnetic field noise of 500 µT/

√
Hz and a spin sensitivity of 1.2 × 104

µB/
√

Hz. From the point of view of temperature operation, it is possible to work in
a very broad range; however, heterojunctions become less sensitive at higher tem-
peratures due to thermal noise. In fact, as estimated by the work of Boero et al.
[51], the minimum detectable magnetic field in a micro-Hall cross geometry is lim-
ited by Johnson noise and can be expressed by Bmin =

√
4kBTR0/wvsat, where kB is

the Boltzmann constant, T is the working temperature, R0 is the output resistance
at zero magnetic field, w is the width of the cross and vsat is the saturation carrier
drift velocity. So it appears convenient to perform experiments at cryogenic temper-
ature, since the minimum detectable field scales as

√
T. However, Johnson noise in

micro-Hall bars is often overcome by the 1/ f noise [50], which leads to a minimum
detectable field of Bmin ≈

√
αHGN∆ f /µ2d2n f , where αH is the Hooge’s 1/ f noise

parameter, GN is a constant, ∆ f is the measurement bandwidth, µ is the mobility, d
is the sensor size, n is the carrier density and f is the frequency.

SSM has its origins in the early 1980s and uses SQUID sensors, whose charac-
teristic is to be extremely sensitive to magnetic flux. The device consists of a super-
conducting ring, with two Josephson junctions enclosed in it. For a more detailed
treatment we refer to the second part of the chapter, while here only the fundamen-
tal basics will be covered. In a typical operation condition, the SQUID is biased by
a current and an external magnetic field is applied in the direction orthogonal to the
ring, in such a way magnetic flux is threading the superconducting loop. The sen-
sitivity to magnetic flux comes from the fact that the critical current of the SQUID
(i.e. the maximum current that can flow through the loop before the device transi-
tions to the normal metal state) is periodic in the magnetic flux through the loop,
with the periodicity of a flux quantum Φ0. By biasing the device with the appropri-
ate current, it is possible to measure voltages across the SQUID that correspond to
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changes in the magnetic flux through the loop equivalent to fractions of Φ0, typically
down to 10−6 Φ0/

√
Hz. This sensitivity comes to the price that superconductivity

only works below a critical temperature Tc, which depends on the applied magnetic
field and current and ultimately is a property of the superconducting material used
to fabricate the SQUID. Excluding high critical temperature materials, about which
there is plenty of research, conventional superconductors have a Tc below 8 - 10 K.
In a SPM experiment, the sample of interest is scanned by a DC SQUID or a pick-up
loop inductively coupled to it [24, 52]. As in other techniques, piezoelectric elements
are used to move the sample underneath the sensor and the isolation from vibrations
is important in order to approach the SQUID close to the surface of interest. To finely
control the probe to surface distance, the sensor can be coupled to a mechanical tun-
ing fork [53]. Typical scans are few minutes long, up to several hours if a very long
integration time is needed. A major difference is that in almost all cases the probe is
placed in vacuum and at low temperatures inside a cryostat. This enhances the dif-
ficulty of the experiment, as well as the time required to perform it, due to warm-up
and cool-down thermal cycles.
In order to combine good magnetic flux sensitivity to a fine spatial resolution, lot
of effort is invested in reducing the loop size. In one approach, nano-lithography
has stepped forward to reduce the size of the pick-up loop of a conventional SQUID.
This miniaturization is followed by placing the loop at the corner of the chip, as close
as possible to the edge, so that it can get close to the sample of interest. To mention
the state-of-the-art of this technique, the work from Kirtley et al. [1] has provided
sub-micrometer magnetic imaging resolution and sensitivity of 130 nT/

√
Hz by de-

signing a small loop with an inner diameter of 200 nm. This good performance
comes to the price of a complex nano-fabrication process. A second, more recent ap-
proach, which is the main topic of this thesis, consists on fabricating a SQUID sensor
on the apex of a laser-pulled quartz capillary. This idea from Finkler et al. in 2010 [2]
has led to several ways and materials to coat quartz capillaries [9] and has resulted
in scanning SQUID sensors with diameters as small as 50 nm, spatial resolution of
about 100 nm and magnetic field sensitivity of 5 nT/

√
Hz [54].

As analyzed from Kirtley et al. [23], there are several sources of noise that ultimately
limit the SQUID sensitivity to magnetic flux. A role is played by Johnson noise, shot
noise, quantum noise and 1/ f noise. For nano-scale SQUIDs and at frequencies in
the KHz range or higher, 1/ f noise is negligible and quantum noise defines the min-
imum detectable magnetic flux to be ΦQ =

√
h̄L, where h̄ is the Planck’s constant

and L is the SQUID loop inductance [55, 56]. State-of-art sensors, with diameters of
50 nm and made of Pb, in the KHz range have reported to detect a minimum flux
of Φmin = 50 nΦ0/

√
Hz, which roughly corresponds to four times the limit set by

quantum noise. On the other hand, DC measurements in few Hz range are limited
by 1/ f noise, which leads to a minimum detectable magnetic flux roughly ten times
higher.
Margins of improvement in the minimum magnetic flux detectable by SQUID can be
gained by reducing the SQUID inductance. This parameter mainly depends on the
kinetic contribution (rather than the geometric one), which is a property of the super-
conducting material used to fabricate the device. Instead, for what concerns the size
of the sensor, it is difficult to achieve further reduction of the diameter loop, because
the diameter would become comparable or even smaller than the film thickness de-
posited on top of it. A novel approach that is rapidly growing is to use a focused ion
beam of Ga [57], Ne [58] or He [59] to pattern SQUIDs with size of few nanometers.
Some work still has to be done in integrating such a small sensor into a scanning
probe setup.
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1.3 Scanning SQUID Microscopy

Here a general picture of superconductivity [60] is assumed to be known, as well as
its first microscopic BCS theory at T = 0 K by Bardeen, Cooper and Schrieffer [61],
leading to concepts like Cooper pairs, superconducting gap and excitations of the
superconducting ground state. For a detailed treatment of the microscopic theory of
superconductivity and other general notions we refer to [62, 63].

1.3.1 Josephson junctions

Josephson junctions take their name from the work by Josephson [64] in 1962, when
he predicted that a zero-voltage supercurrent could flow through two superconduct-
ing electrodes separated by a thin enough insulating barrier. Josephson provided a
microscopic treatment of the quantum mechanical tunneling through the insulating
layer, leading to the two famous equations:

Is = Ic sin δ (1.1)

dδ

dt
=

2 e
h̄

V =
2π

Φ0
V (1.2)

where Is is the supercurrent, Ic is the critical current, δ is the phase difference be-
tween the Ginzburg-Landau wavefunction in the two superconducting electrodes,
Φ0 is the magnetic flux quantum and V is the voltage developed across the two elec-
trodes.
The meaning of Eq. (1.1) can be summarized as follows [63]. The current flow-
ing through a Josephson junction is the sum of a non-dissipative term, given by the
Cooper-pair current, and a dissipative term, given by the quasiparticle current of
not-paired normal electrons. The quasiparticle current, following Ohm’s law, is due
to the thermal breaking of Cooper pairs. By assuming that the temperature is much
lower than the critical value, 0 � T � Tc, thermal fluctuations that could affect
the Cooper pairs can be neglected. When no voltage develops across the junction,
then the dissipative contribution vanishes and only the tunneling of Cooper pairs
contributes to the current. This supercurrent has a limit, set by the critical value Ic.
This is known as DC Josephson effect.
Once the current reaches the critical value, then a voltage develops across the junc-
tion, whose value is set by the time dependence of the phase difference, as shown by
Eq. (1.2). The current through the junction becomes an AC current, with amplitude
Ic and frequency 2eV/h. This is known as AC Josephson effect.
As already mentioned, the derivation from Josephson regarded two superconduct-
ing electrodes separated by a thin insulating barrier. However, AC and DC Joseph-
son effects are way more general and take place when two superconducting elec-
trodes are connected through a weak link. Three types of weak link can be distin-
guished: S-I-S, where the weak link is given by a thin insulating layer; S-N-S, where
a normal metal shows weak superconductivity due to the proximity effect by the
strong superconducting electrodes; S-c-S, where two regions of a single supercon-
ducting layer are linked by a narrow constriction. The latter is known as Dayem
bridge [65] and is the type of Josephson junction that will be discussed here.
The condition required for the coherent transmission of Cooper pairs from one strongly
superconducting region to the other is that L ≤ ξ, where L is the maximum dimen-
sion of the weak constriction and ξ is the temperature dependent coherence length of
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the superconducting material. The Josephson effect can be derived in the framework
of the Ginzburg-Landau theory. In the following only few steps will be mentioned,
while for a detailed treatment we refer to [62, 63].
The Ginzburg-Landau theory is a phenomenological theory that treats the second-
order phase transition from normal state to superconducting state by introducing
a macroscopic complex quantity, the order parameter ψ(~r), which describes the or-
dering reached due to the transition from the disordered normal state for T > Tc
to the ordered superconducting state for T < Tc. The order parameter at a certain
temperature T is linked to the Cooper pair density by:

nCooper = |ψ(~r)|2 (1.3)

Let’s consider the simplified case of a bulk semi-infinite superconductor, in ab-
sence of magnetic fields or gradients, in the halfplane x > 0. Then, calling ψ∞ the
order parameter for the superconductor ideally far from any surface effect, ψ(x)
obeys the equation:

− ξ2
GL(T)

d2ψ(x)
dx2 +

|ψ(x)|2

|ψ∞|2
ψ(x) = ψ(x) (1.4)

The superconducting electrodes are assumed to be in equilibrium, so ψ/ψ∞ = 1
and a dephasing φ is taken into account between the two sides of the constriction
(x = 0, L). The solution of Eq. (1.4) has to satisfy ψ/ψ∞ = 1 at x = 0 and ψ/ψ∞ = eiφ

at x = L.
As discussed in [66] by Aslamazov and Larkin, the solution of Eq. (1.4) becomes eas-
ier when a short constriction is assumed, L ≤ ξGL. In this case, the term proportional
to ξ2

GL dominates over the others and the equation reduces to a second-order deriva-
tive. Applying the boundary conditions at the edges of the bridges, the solution can
be written as:

ψ(x)
ψ∞

=
(

1− x
L

)
+
( x

L

)
eiφ (1.5)

This can be seen as the sum of two contributions, the first one representing the
spread of the order parameter from the electrode with zero phase and the second
one representing the spread of the order parameter from the electrode with phase φ.
By inserting the solution into the Ginzburg-Landau expression for the current, the
Josephson equation Eq. (1.1) is recovered.

RCSJ model

For the aim of this thesis, it is convenient to treat Josephson junctions as circuit
components. Their behavior is well explained by the Resistively and Capacitively
Shunted Junction (RCSJ) model [67], whose schematics in reported in Figure 1.1,
where the junction is shunted in parallel by its self-capacitance C and by an external
resistor R. Shunting the junction is needed to avoid a hysteretical behavior: when
the bias current I overcomes the critical value Ic, the voltage V across the electrodes
abruptly transitions to a non zero value, but returns to zero only at values of I much
lower than Ic.

The main assumptions of the RCSJ model are that the Josephson junction param-
eters do not change in space and that the resistance R is linear below and above the
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FIGURE 1.1: Equivalent circuit in the RCSJ model of a Josephson junction,
with a self-capacitance C and shunted by a resistor R. I is the current flowing
through the junction, being Ic its critical value, and V is the voltage across the

the two superconducting electrodes.

gap voltage. Furthermore here we discard the contribution due to the current noise
source associated to the resistor. By applying Kirchhoff’s law, the circuit equation
can be written as:

C
dV
dt

+
V
R
+ Ic sin δ = I (1.6)

By substituting V with the expression given by the second Josephson equation,
Eq. (1.2), a second-order differential equation for the phase difference is found:

Φ0

2π
C

∂2δ

∂t2 +
Φ0

2π

1
R

∂δ

∂t
= I − Ic sin δ = −2π

Φ0

∂UJ

∂δ
(1.7)

where UJ is defined as the tilted washboard potential of the Josephson junction
and is given by:

UJ ≡
Φ0

2π
[Ic(1− cos δ)− Iδ] (1.8)

where the term Φ0/2π is the Josephson coupling energy.
Eq. (1.7) describes the time evolution (otherwise called dynamics) of the phase δ
in a way that recalls the motion of a point-like particle, characterized by a certain
mass and friction coefficient, moving on a tilted washed potential. The situation is
sketched in Figure 1.2, where the tilted washed potential is plotted as function of δ
for three interesting physical cases. When a bias current I < Ic flows through the
junction, the cosine-shaped potential UJ tilts proportionally to the current. In this
case, called static regime, the particle oscillates back and forth around a minimum
of the potential at the junction plasma frequency

ωp,I =

[
2π Ic

Φ0C

]1/2 (
1− I2

I2
c

)1/4

(1.9)

In the static regime ∂δ/∂t = 0, so no voltage develops across the junction.

The case I = 0, where no bias current flows through the junction is just a par-
ticular case of the static regime. The tilted washed potential becomes flat and the
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UJ

FIGURE 1.2: Sketch of the tilted washed potential UJ as a function of δ, as
given by Eq. (1.8), for three cases of interest. The black and magenta curves
represent the static regime, where no voltage develops across the junction;
the dynamic regime for I > Ic is shown by the red curve, which leads to a

DC voltage across the junction proportional to the bias current.

junction plasma frequency reduces to ωp = (2π Ic/Φ0C)1/2.
As the current becomes greater than the critical value, the particle enters the dynamic
regime: the washed potential gets so tilted that the local minima of the potential dis-
appear. As a consequence, the phase difference evolves in time and a finite voltage
V, proportional to the bias current, develops across the junction.

1.3.2 DC SQUIDs

A SQUID consists of two superconducting semi-rings, connected by two weak links,
either S-N-S or S-I-S or Dayem bridges. Well known to be an extremely sensitive de-
tector of magnetic flux, it combines the flow of supercurrent through a single junc-
tion with the physical phenomenon of flux quantization.
In the case of a closed superconducting ring, the phase variation must follow certain
rules: once it reaches a complete loop around the ring, the phase cannot be discon-
tinuous and needs to go back to the initial value. Yet, if an external magnetic flux
is applied to the ring, the flux modifies the phase along the ring. In order for the
phase to return to the initial value after a complete turn, only certain values of mag-
netic flux are allowed to go through the ring: flux is quantized in units of the flux
quantum

Φ0 ≡
h
2e
≈ 2.07 · 10−15 Wb (1.10)

Two categories of SQUIDs can be distinguished, DC SQUIDs and RF SQUIDs.
In the following only DC SQUIDs will be considered. The layout of a possible DC
SQUID is shown in Figure 1.3.

The superconducting ring (in grey color) is biased by a DC current Ibias while,
transverse to the ring plane, an external magnetic field B is applied. In each of the
two arms of the SQUID a Josephson Junction (in orange color) is incorporated. Such
a junction can be either S-N-S or S-I-S or a constriction junction such as a Dayem
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I1

FIGURE 1.3: Schematic design of a SQUID, with two Josephson junctions JJ1
and JJ2, biased by a dc current Ibias. B is the external applied magnetic field,

while J represents the loop current.

bridge. The junctions fix the maximum supercurrent Ic that can flow through the
ring to a value determined by the sum of the critical currents of each junction.
The value of Ic is periodically modulated by the magnetic flux enclosed inside the
SQUID, with a periodicity of one flux quantum Φ0. The same modulation phe-
nomenon also occurs for the critical current of the junctions, but on a magnetic flux
scale much larger than Φ0, since the area of the junctions is much lower than the in-
ternal area of the SQUID. For this reason only the modulation of the critical current
of the SQUID will be considered.
There are two ways to detect the field-induced modulation of the critical current.
One possibility is to fix the magnetic field and increase the bias current until the
junctions switch to the resistive state and a non-zero DC voltage develops across
the SQUID. Repeating the measurement at different magnetic fields, the value of the
critical current Ic at any applied magnetic flux is obtained. Another possibility is to
work in the resistive regime, biasing the SQUID with a current Ibias > Ic and read-
ing out the DC voltage across the SQUID as a function of the applied magnetic flux.
By detecting a small change in the voltage, it is possible to measure a flux variation
typically as low as 10−6 Φ0. This method is mainly used for DC SQUIDs with over-
damped junctions, having a non-hysteretic I-V characteristics. The SQUID directly
acts as flux-to-voltage transducer: when Ic is minimum, the voltage is maximum
and vice-versa.

Rate equations modeling a DC SQUID

A DC symmetric SQUID (as the one of Figure 1.3) is characterized by two weak links
with quite similar geometrical parameters. A quantitative description of this device
is provided within the RCSJ model, which was already introduced in the framework
of a single Josephson junction: the two junctions are supposed to have critical cur-
rents Ic1 and Ic2 and are coupled in parallel with self-capacitances C1 and C2 and
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shunt resistances R1 and R2. Again, as in the previous case, we avoid to take into
account the current noise sources IN1 and IN2 associated to the resistors. The SQUID
inductance has a geometrical contribution, as well as a kinetic contribution. The lat-
ter is relevant only when the linewidth of the superconducting structures is small
and the thickness of the device is comparable or smaller than the London penetra-
tion depth λL. The contributions due to the left and the right arm of the SQUID can
be different and are expressed as L1 and L2, respectively.

 

<latexit sha1_base64="ULywoFk0IY6NIryLYze4TuunC9I=">AAAB/nicbVC7TsNAEDyHVwivACXNiQSJKrIjBJQRNBQUQSIPKbai82UTTjmfrbs1IrIi8RW0UNEhWn6Fgn/BMS4gYarRzK52dvxICoO2/WkVlpZXVteK66WNza3tnfLuXtuEsebQ4qEMdddnBqRQ0EKBErqRBhb4Ejr++HLmd+5BGxGqW5xE4AVspMRQcIap5FZdhAdMrqd9p9ovV+yanYEuEicnFZKj2S9/uYOQxwEo5JIZ03PsCL2EaRRcwrTkxgYixsdsBL2UKhaA8ZIs85QexYZhSCPQVEiaifB7I2GBMZPATycDhndm3puJ/3m9GIfnXiJUFCMoPjuEQkJ2yHAt0jKADoQGRDZLDlQoyplmiKAFZZynYpy2U0r7cOa/XyTtes05rZ3c1CuNi7yZIjkgh+SYOOSMNMgVaZIW4SQiT+SZvFiP1qv1Zr3/jBasfGef/IH18Q0YapW7</latexit>

L1
<latexit sha1_base64="/Jgwh6nuc4LrxT2uywbEdXK2hOM=">AAAB/nicbVC7TsNAEDyHVwivACXNiQSJKrIjBJQRNBQUQSIPKY6i82UTTjnbp7s1IrIi8RW0UNEhWn6Fgn/BNi4gYarRzK52djwlhUHb/rQKS8srq2vF9dLG5tb2Tnl3r23CSHNo8VCGuusxA1IE0EKBErpKA/M9CR1vcpn6nXvQRoTBLU4V9H02DsRIcIaJ5FZdhAeMr2eDenVQrtg1OwNdJE5OKiRHc1D+cochj3wIkEtmTM+xFfZjplFwCbOSGxlQjE/YGHoJDZgPph9nmWf0KDIMQ6pAUyFpJsLvjZj5xkx9L5n0Gd6ZeS8V//N6EY7O+7EIVIQQ8PQQCgnZIcO1SMoAOhQaEFmaHKgIKGeaIYIWlHGeiFHSTinpw5n/fpG06zXntHZyU680LvJmiuSAHJJj4pAz0iBXpElahBNFnsgzebEerVfrzXr/GS1Y+c4++QPr4xsZ+pW8</latexit>

L2

<latexit sha1_base64="WCS+dv56828Ti6tqKnVFE9mtJmI=">AAAB/HicbVC7TsNAEDyHVwivACXNiQSJKrIRAsoIGuiCRB4isaLzZRNOOZ+tuzUissJX0EJFh2j5Fwr+Bdu4gISpRjO72tnxQikM2vanVVhYXFpeKa6W1tY3NrfK2zstE0SaQ5MHMtAdjxmQQkETBUrohBqY70loe+OL1G/fgzYiUDc4CcH12UiJoeAME+m22kN4wPhqWu2XK3bNzkDniZOTCsnR6Je/eoOARz4o5JIZ03XsEN2YaRRcwrTUiwyEjI/ZCLoJVcwH48ZZ4ik9iAzDgIagqZA0E+H3Rsx8Yya+l0z6DO/MrJeK/3ndCIdnbixUGCEonh5CISE7ZLgWSRVAB0IDIkuTAxWKcqYZImhBGeeJGCXdlJI+nNnv50nrqOac1I6vjyr187yZItkj++SQOOSU1MklaZAm4USRJ/JMXqxH69V6s95/RgtWvrNL/sD6+AbhJJUU</latexit>

I

<latexit sha1_base64="hF/r4Qu0WVLURJi8cxpxJt0gu/k=">AAAB/nicbVC7TsNAEDyHVwivACXNiQSJKrIjBJQRaSiDRB5SbEXnyyaccrZPd2tEZEXiK2ihokO0/AoF/4JjXEDCVKOZXe3s+EoKg7b9aRVWVtfWN4qbpa3tnd298v5Bx0Sx5tDmkYx0z2cGpAihjQIl9JQGFvgSuv6kOfe796CNiMJbnCrwAjYOxUhwhqnkVl2EB0yas4FTHZQrds3OQJeJk5MKydEalL/cYcTjAELkkhnTd2yFXsI0Ci5hVnJjA4rxCRtDP6UhC8B4SZZ5Rk9iwzCiCjQVkmYi/N5IWGDMNPDTyYDhnVn05uJ/Xj/G0aWXiFDFCCGfH0IhITtkuBZpGUCHQgMimycHKkLKmWaIoAVlnKdinLZTSvtwFr9fJp16zTmvnd3UK42rvJkiOSLH5JQ45II0yDVpkTbhRJEn8kxerEfr1Xqz3n9GC1a+c0j+wPr4Bgo/lbI=</latexit>

C1
<latexit sha1_base64="jVGciMQXVY6bQYRhs2vDAtIodmg=">AAAB/nicbVC7TsNAEDyHVwivACXNiQSJKrIjBJQRaSiDRB5SbEXnyyaccj5bd2tEZEXiK2ihokO0/AoF/4IdXEDCVKOZXe3s+JEUBm370yqsrK6tbxQ3S1vbO7t75f2DjgljzaHNQxnqns8MSKGgjQIl9CINLPAldP1JM/O796CNCNUtTiPwAjZWYiQ4w1Ryqy7CAybN2aBeHZQrds2egy4TJycVkqM1KH+5w5DHASjkkhnTd+wIvYRpFFzCrOTGBiLGJ2wM/ZQqFoDxknnmGT2JDcOQRqCpkHQuwu+NhAXGTAM/nQwY3plFLxP/8/oxji69RKgoRlA8O4RCwvyQ4VqkZQAdCg2ILEsOVCjKmWaIoAVlnKdinLZTSvtwFr9fJp16zTmvnd3UK42rvJkiOSLH5JQ45II0yDVpkTbhJCJP5Jm8WI/Wq/Vmvf+MFqx855D8gfXxDQvPlbM=</latexit>

C2

<latexit sha1_base64="qD6iYGmqPbG8sGkfOvumdN88NWA=">AAACCHicbVC7TsNAEDyHVwiv8OhoTiRIVJEdIaCMoIEuSOQhJZF1vmzCKeezdbdGBMs/wFfQQkWHaPkLCv4FO0kBgalGM7va2fFCKQza9qeVW1hcWl7JrxbW1jc2t4rbO00TRJpDgwcy0G2PGZBCQQMFSmiHGpjvSWh5o4vMb92BNiJQNzgOoeezoRIDwRmmklvcK3cR7jG+Stwp4U5Sdoslu2JPQP8SZ0ZKZIa6W/zq9gMe+aCQS2ZMx7FD7MVMo+ASkkI3MhAyPmJD6KRUMR9ML56kT+hhZBgGNARNhaQTEX5uxMw3Zux76aTP8NbMe5n4n9eJcHDWi4UKIwTFs0MoJEwOGa5FWgvQvtCAyLLkQIWinGmGCFpQxnkqRmlPhbQPZ/77v6RZrTgnlePraql2PmsmT/bJATkiDjklNXJJ6qRBOHkgT+SZvFiP1qv1Zr1PR3PWbGeX/IL18Q1WAZm1</latexit>

Ic1
<latexit sha1_base64="K18IoymWMtHPq6qkfB+NR2bM+1g=">AAACCHicbVC7TsNAEDyHVwgv8+hoTiRIVJEdIaCMoIEuSOQhJVZ0vmzCKeeH7taIYPkH+ApaqOgQLX9Bwb/gOC4gMNVoZlc7O24ohUbL+jQKC4tLyyvF1dLa+sbmlrm909JBpDg0eSAD1XGZBil8aKJACZ1QAfNcCW13fDH123egtAj8G5yE4Hhs5Iuh4AxTqW/uVXoI9xhfJf0Z4bWk0jfLVtXKQP8SOydlkqPRN796g4BHHvjIJdO6a1shOjFTKLiEpNSLNISMj9kIuin1mQfaibP0CT2MNMOAhqCokDQT4edGzDytJ56bTnoMb/W8NxX/87oRDs+cWPhhhODz6SEUErJDmiuR1gJ0IBQgsmlyoMKnnCmGCEpQxnkqRmlPpbQPe/77v6RVq9on1ePrWrl+njdTJPvkgBwRm5ySOrkkDdIknDyQJ/JMXoxH49V4M95nowUj39klv2B8fANXkpm2</latexit>

Ic2
<latexit sha1_base64="J1Bdkfa2Sh4k7Awr8YrWGsmdSlc=">AAAB/nicbVC7TsNAEDyHVwivACXNiQSJKrIjBJQRNJQBkYcUR9H5sgmnnO3T3RoRWZH4Clqo6BAtv0LBv2AbF5Aw1WhmVzs7npLCoG1/WoWl5ZXVteJ6aWNza3unvLvXNmGkObR4KEPd9ZgBKQJooUAJXaWB+Z6Ejje5TP3OPWgjwuAWpwr6PhsHYiQ4w0Ryqy7CA8Y3s0G9OihX7JqdgS4SJycVkqM5KH+5w5BHPgTIJTOm59gK+zHTKLiEWcmNDCjGJ2wMvYQGzAfTj7PMM3oUGYYhVaCpkDQT4fdGzHxjpr6XTPoM78y8l4r/eb0IR+f9WAQqQgh4egiFhOyQ4VokZQAdCg2ILE0OVASUM80QQQvKOE/EKGmnlPThzH+/SNr1mnNaO7muVxoXeTNFckAOyTFxyBlpkCvSJC3CiSJP5Jm8WI/Wq/Vmvf+MFqx8Z5/8gfXxDSNslcI=</latexit>

R2
<latexit sha1_base64="jJxZL+biSSE10kavOhjod48MGeY=">AAAB/nicbVC7TsNAEDyHVwivACXNiQSJKrIjBJQRNJQBkYcUR9H5sgmnnM/W3RoRWZH4Clqo6BAtv0LBv2AbF5Aw1WhmVzs7XiiFQdv+tApLyyura8X10sbm1vZOeXevbYJIc2jxQAa66zEDUihooUAJ3VAD8z0JHW9ymfqde9BGBOoWpyH0fTZWYiQ4w0Ryqy7CA8Y3s4FTHZQrds3OQBeJk5MKydEclL/cYcAjHxRyyYzpOXaI/ZhpFFzCrORGBkLGJ2wMvYQq5oPpx1nmGT2KDMOAhqCpkDQT4fdGzHxjpr6XTPoM78y8l4r/eb0IR+f9WKgwQlA8PYRCQnbIcC2SMoAOhQZEliYHKhTlTDNE0IIyzhMxStopJX04898vkna95pzWTq7rlcZF3kyRHJBDckwcckYa5Io0SYtwEpIn8kxerEfr1Xqz3n9GC1a+s0/+wPr4BiHclcE=</latexit>

R1

<latexit sha1_base64="i8xpi7jD9aSScv3keYf1Y+tDRiI=">AAAB/HicdVC7TsNAEDzzJrwClDQnAhKVdU7ACV0EDaIKEgFEEqHzsQmnnM/W3RqBrPAVtFDRIVr+hYJ/wTFBAgRTjWZ2tbMTxEpaZOzNGRufmJyanpktzM0vLC4Vl1dObJQYAU0RqcicBdyCkhqaKFHBWWyAh4GC06C/P/RPr8FYGeljvI2hE/Kell0pOGbS+UYb4QbTw8HGRbHE3Npudcf3KXM9r1qpsJwwn5Wp57IcJTJC46L43r6MRBKCRqG4tS2PxdhJuUEpFAwK7cRCzEWf96CVUc1DsJ00Tzygm4nlGNEYDJWK5iJ830h5aO1tGGSTIccr+9sbin95rQS7tU4qdZwgaDE8hFJBfsgKI7MqgF5KA4h8mByo1FRwwxHBSMqFyMQk66aQ9fH1NP2fnJRdz3e3j8ql+t6omRmyRtbJFvFIldTJAWmQJhFEk3vyQB6dO+fJeXZePkfHnNHOKvkB5/UDRj6VVw==</latexit>

J

FIGURE 1.4: Equivalent circuit of a DC SQUID in the RCSJ model, where I
is the DC bias current, C is the self-capacitance, R is the shunt resistance, L is
the inductance and J is the loop current. For matter of simplicity, no current

noise source is considered.

The equivalent circuit of a DC SQUID in the RCSJ model is reported in Figure 1.4,
overlapped to the geometrical shape of the SQUID loop. The device is quantitatively
described by three equations: the first two ones express the currents flowing through
the two junctions, according to Kirchhoff’s laws, while the last one relates the phase
difference of the junctions, the magnetic flux penetrating the SQUID loop and the
current J circulating around the ring.
The current through the first junction can be written as half the bias current plus
the loop current, I1 = I/2 + J, while the current through the second junction can be
written as I2 = I/2− J. According to the RCSJ model, the equations describing a
DC SQUID are [67]:

I1 =
I
2
+ J = Ic1 sin(δ1) +

Φ0

2πR1

∂δ1

∂t
+

Φ0

2π
C1

∂2δ1

∂t2 (1.11a)

I2 =
I
2
− J = Ic2 sin(δ2) +

Φ0

2πR2

∂δ2

∂t
+

Φ0

2π
C2

∂2δ2

∂t2 (1.11b)

δ2 − δ1 =
2π

Φ0
(Φa + LJ) =

2π

Φ0
ΦT (1.11c)
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where ΦT is the total flux through the SQUID. This has contributions from the
loop current and the applied magnetic flux Φa = B · Aeff, where Aeff is the effective
internal area of the SQUID.
For a further analysis of Eqs. (1.11), it is useful to turn to dimensionless units. Firstly,
the average critical current, I0 = (Ic1 + Ic2)/2, the double parallel resistance of the
SQUID, R = 2R1R2/(R1 + R2) and the average capacitance, C = (C1 + C2)/2 can
be introduced. Then, normalizing the currents to I0, resistances to R, time to τ ≡
Φ0/(2π I0R), voltage to I0R and magnetic flux to Φ0, the equations of the DC SQUID
transform into:

i
2
+ j = sin(δ1) +

∂δ1

∂t
+ βc

∂2δ1

∂t2 (1.12a)

i
2
− j = sin(δ2) +

∂δ2

∂t
+ βc

∂2δ2

∂t2 (1.12b)

δ2 − δ1 = 2π

(
Φa

Φ0
+

1
2

βL j
)

(1.12c)

Here i and j denote the dimensionless bias and loop currents, respectively, βc =
2π I0R2C/Φ0 is the Stewart-McCumber parameter, while βL = 2LI0/Φ0 is the screen-
ing parameter.
In the most general case in which an asymmetry in the SQUID is introduced, Eqs.
(1.12) become:

i
2
+ j = (1− αI) sin(δ1) + (1− αR)

∂δ1

∂t
+ βc(1− αC)

∂2δ1

∂t2 (1.13a)

i
2
− j = (1 + αI) sin(δ2) + (1 + αR)

∂δ2

∂t
+ βc(1 + αC)

∂2δ2

∂t2 (1.13b)

δ2 − δ1 = 2π

(
Φa

Φ0
+

1
2

βL j
)

(1.13c)

where αI, αR and αC parametrize the asymmetries in the junction critical currents,
resistances and capacitances, respectively. Let’s start studying the static solutions of
a DC SQUID with symmetric junctions. In this case, the derivatives with respect to
normalized time vanish and the Eqs. (1.13) become:

i
2
+ j = sin(δ1) (1.14a)

i
2
− j = sin(δ2) (1.14b)

δ2 − δ1 = 2π

(
Φa

Φ0
+

1
2

βL j
)

(1.14c)

Eq. (1.14c) further simplifies when a negligible SQUID inductance is assumed
(βL � 1): δ2 − δ1 = 2πΦa/Φ0. Solving the equation system, the current flowing
through the SQUID reads as:

i = sin(δ1) + sin(δ2) = sin(δ1) + sin
(

δ1 + 2π
Φa

Φ0

)
(1.15)
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The maximum current, expressed in absolute units, is found introducing δ∗1 =
δ1 + πΦa/Φ0 and maximizing i with respect to δ∗1 :

Ic

(
Φa

Φ0

)
= 2I0 ·

∣∣∣∣cos
(

π
Φa

Φ0

)∣∣∣∣ (1.16)

Therefore, in the case of symmetric junctions and negligible inductance, the crit-
ical current of the SQUID modulates between 0 and 2I0, with the period of a flux
quantum. A reduction of the modulation depth occurs when the inductance is no
longer negligible or when an asymmetry in the SQUID is introduced. For further
information about the influence of inductance on the performance of DC SQUIDs,
we refer to the next session.
For an asymmetric SQUID with negligible inductance, an expression for the critical
current is reached starting from Eqs. (1.13) and maximizing i with respect to δ1 and
δ2. In absolute units we find that:

Ic

(
Φa

Φ0

)
= I0

√
2 + 2α2

I + 2(1− α2
I ) cos

(
2π

Φa

Φ0

)
(1.17)

where αI is the ratio of the minimum and the maximum critical current. In this
case the modulation depth is reduced proportionally to αI, since the critical current
modulates between αI I0 and 2I0.
So far, the response of a DC SQUID in the superconducting state was illustrated.
Now the resistive regime of a symmetric SQUID, with a nonzero DC voltage V across
the junctions, will be considered. Solving Eqs. (1.12) we see that the modulation in Ic
directly transfers into a modulation of V. The solutions now are strongly dependent
on the values of βc and βL. When βL � 1, the equation system becomes:

i
2
+ j = sin(δ1) +

∂δ1

∂t
+ βc

∂2δ1

∂t2 (1.18a)

i
2
− j = sin(δ2) +

∂δ2

∂t
+ βc

∂2δ2

∂t2 (1.18b)

∂δ1

∂t
=

∂δ2

∂t
(1.18c)

Introducing δ∗1 = δ1 + πΦa/Φ0, the current across the SQUID in absolute units
reads as:

I = 2I0 cos
(

π
Φa

Φ0

)
sin(δ∗1 ) +

2Φ0

2πR
∂δ∗1
∂t

+
2Φ0

2π
C

∂2δ∗1
∂t2 (1.19)

In the limit of negligible capacitance (βc � 1), the current-voltage characteristic
for I > Ic is given by:

V =
R
2

√
I2 − I2

c (1.20)

Replacing Ic with the expression reported in Eq. (1.16), we find:

V =
R
2

√
I2 − 4I2

0 cos2

(
π

Φa

Φ0

)
(1.21)

Therefore, the DC voltage oscillates with magnetic flux, with a period of one
flux quantum, with minima at integer multiples of Φ0 and maxima at half integer
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multiples of Φ0. From the slope ∂V/∂Φa, we can introduce the transfer function of
the SQUID as

VΦ = max
∣∣∣∣ ∂V
∂Φa

∣∣∣∣ (1.22)

where maximization is with respect to bias current and flux.

Impact of kinetic inductance on the performance of DC SQUIDs

The SQUID’s inductance is determined by the sum of two contributions, a geomet-
rical one and a kinetic one. For a detailed analysis of the geometric inductance for
thin-film conductors, we refer to [68]. For the aim of this work, only nanoSQUIDs
with loop diameter of few hundreds of nanometers are relevant, for which the geo-
metric inductance offers a negligible contribution. For this reason, in the following
only the kinetic inductance will be considered.
Kinetic inductance arises from the kinetic energy stored in the motion of supercur-
rent charge carriers. It is nonlinear with both current and temperature and, contrary
to the geometric self-inductance, it does not couple with a magnetic field.
Here we are interested in analyzing from which parameters the kinetic inductance
LK depends on and how does it influence the current-phase characteristic of a SQUID.
As pointed out by many works [69–71], kinetic inductance is in first place a property
of the superconducting material used to fabricate the SQUID. In fact, for nanobridges
in the dirty limit and for T � Tc:

LK ∝
h̄Rsh

kBTc
(1.23)

where Rsh, called sheet resistance, is a parameter characterizing every conduc-
tor. Rsh is mainly determined by the resistivity of the material, whose typical order
of magnitude is 10−6 Ω · m. Certain disordered superconducting materials, such as
TiN [72], NbN [73], Mo79Ge21 [71] have a quite high resistivity, which transduces in
a high kinetic inductance. On the other hand, Pb [74] and Nb [75] are superconduc-
tors well known for having low resistivities, and consequently are reported to have
low values of LK.
Kinetic inductance depends not only on material properties, but also on the geome-
try of the weak link. In fact, as described by [70, 71], LK scales with the dimensions
of the weak link in the following way:

LK ∝
l

w · th (1.24)

where l is the length, w the width and th the thickness. Anticipating some con-
cepts that will be covered in the next chapter, the SQUIDs of interest for this work,
by construction, offer a limited capability of playing with the geometrical parame-
ters of the weak link. So the possibility to tune the inductance is mostly offered by
the choice of the material used to fabricate the SQUID.

When a finite, non negligible βL is introduced, Eq. (1.14c) for the phase differ-
ence gets modified by a term proportional to the product βL j. In this case, it is not
possible to write a general, analytic expression for Ic(Φa), unless restrictions are im-
posed to some of the SQUID parameters. However, numerical solutions, reported
in Figure 1.5, show that an increasing screening parameter leads to a monotonic de-
crease of the critical current modulation ∆Ic/Ic,max [67]. When βL � 1, the typical
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FIGURE 1.5: Impact of the kinetic inductance on the critical current modu-
lation of the SQUID. (a) critical current plotted as function of applied mag-
netic flux, for three different values of the screening parameter βL, which
depends on the kinetic inductance of the SQUID; higher values of βL lead
to a reduced modulation depth and to a more triangular-shaped behavior of
Ic(Φa). (b) Modulation depth ∆Ic/Ic,max as function of the screening param-
eter βL. Starting from βL ' 3, data can be fitted with a β−1

L function. Image
adapted from [67].

sinusoidal behavior of Ic(Φa) is found, with the periodicity of one flux quantum and
a modulation depth of 2I0. Already when βL = 1, which means L = Φ0/2I0, the crit-
ical current modulates by 50%, and, for βL � 1, ∆Ic/Ic,max decreases as 1/βL. More-
over, for βL � 1, the sinusoidal behavior of Ic(Φa) progressively transforms into a
triangular-shaped behavior. In the next chapter, it will be possible to see this phe-
nomenon when comparing the I-V characteristic of Pb SQUIDs (with low screening
parameters) to the I-V characteristic of SQUIDs made of MoGe, which has a much
higher kinetic inductance.
An explanation for the monotonic decrease of the modulation depth proportional to
1/βL can be found from the periodic response of the SQUID with the flux, with the
applied flux Φ0/2 corresponding to the largest circulation current J = Φ0/2L, or in
dimensionless units, j = 1/βL. The minimum critical current turns out to be of the
order of 2(I0 − J), therefore ∆Ic/Ic,max ≈ j ≈ 1/βL for βL � 1.

1.3.3 SPM approach with SQUIDs on planar substrates

As mentioned in Sec. 1.2, SSM combines the high sensitivity of SQUIDs to mag-
netic flux with high spatial resolution to achieve local magnetic investigation of sam-
ples of interest. A key element to improve spatial resolution and sensitivity to local
magnetic field sources is the miniaturization of SQUID structures. This process of
shrinking the dimensions of the SQUID is by itself not enough if not matched to
a very short distance between sensor and sample. Ideally, the working distance at
which scanning over the surface should be of the same order or smaller than the
size of the SQUID or the pick-up loop. A few strategies have been developed over
the years. Here the approach which started in the 1990s based on SQUIDs on pla-
nar substrates will be briefly introduced, firstly mentioning the strategy based on
sensing local fields by a miniaturized pick-up loop and then considering a different
approach where local magnetic signals are coupled directly to a micrometer sized
SQUID loop.
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(1)

FIGURE 1.6: Panel (1) describing the design of a counterwound integrated
scanning susceptometer, from Ref. [76]. (a) Diagram of the SQUID suscep-
tometer; (b) Optical microscope picture of the pick-up loop of the SQUID
(the inside ring), surrounded by the outer field coil; (c) SQUID design where
focused ion beam etching is used to define the pick-up loop; (d) Scanning
Electron Microscope picture of the sensor. Panel (2), from Ref. [77], shows a
Scanning Electron Microscope image of a Nb micro-SQUID, having a diame-

ter of 2 µm and linewidth of 300 nm.

Let’s start from the first strategy, the one based on SQUIDs with an integrated
pickup loop. Lot of references from the 1990s to nowadays can be cited, since this
approach has led to tens of remarkable works, with performance improved over the
years. For further reading we refer to [1, 76, 78–81].
Different techniques have been followed to achieve control of the sensor to sample
distance, including fabricating SQUIDs on top of a Si cantilever; however, for a gen-
eral understanding of the method, the discussion will be limited to the geometry
shown in Panel (1) of Figure 1.6, from the the work in Ref. [76]. The main idea is
to spatially separate the SQUID sensor with its Josephson junctions, junction shunts
and modulation coils from the pick-up loop and its field coil, which is located as
close as possible to the sample under investigation. The separation in space between
SQUID and pick-up loop is typically of the order of a millimeter and allows to re-
duce the cross coupling between modulation coil and pick-up loop/field coil and at
the same time allows the pick-up loop to be optimized for coupling to the sample.
The primary pick-up loop captures flux over the region of interest near the sample,
while a current through the primary field coil is used to apply a local field. It is often
desirable to null the SQUID response to the applied field, since in this way the sig-
nal only depends on the magnetic response of the sample to the applied field. This
is usually done by flowing the same current through a secondary field coil around
a counterwound secondary pick-up loop, which is placed opposite to the primary
one symmetrically with respect to the SQUID. This is shown in Figure 1.6(1a). The
connection between SQUID and pick-up loops is provided by well shielded super-
conducting thin film leads.
The Josephson junctions composing the SQUID ring are designed in such a way the
critical current is Φ0/2L. By doing so, the screening parameter βL ' 1 and the sen-
sor achieves the optimal flux noise. The pick-up loop area is chosen to be as big as
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possible, compatibly with the spatial resolution needed for the sample investigation.
Sub-micrometer diameter loop sizes have been realized [1], but typical diameters are
about few micrometers big.
Figure 1.6(1b-d) show another important feature of these SQUIDs. Tuning the pick-
up loop size is not enough to guarantee the required scanning spatial resolution. In
fact, this depends as well on the vertical distance between pick-up loop and sample.
To minimize such a distance, the Si substrate is polished (either by cleaving or fo-
cused ion beam milling) to form a corner at a distance h of few tens of micrometers
away from the center of the primary pick-up loop. The Si chip is then mounted on
a holder with small inclination angle α to the sample plane (2 - 5◦). In this way the
vertical distance between pick-up loop and sample, given by h · sin α), can be around
1 µm or less.
The strategy based on pick-up loops leads to Johnson noise limited performance as
good as 0.1 - 0.2 µΦ0/

√
Hz in the mK temperature region and about 1 µΦ0/

√
Hz at

4 K. Scanning applications of such sensors were the study of superconducting vor-
tices in different materials [1, 76], from which relevant informations regarding the
superconductors could be extracted, such as coherence length or penetration depth.
Moreover, the study of surface magnetic states [82], unpaired spins in metals [83],
and edge currents in topological insulators [84].

A second strategy to achieve scanning SQUIDs with good spatial resolution was
based on miniaturized Nb and Al SQUID loops with two Dayem bridges [77]. The
approach differs from the one based on pick-up loops especially for what concerns
the sensor fabrication. The relatively simple SQUID design allows single lithogra-
phy fabrication process and is compatible with strong miniaturization. For instance,
the device presented in Figure 1.6(2) is a scanning SQUID with diameter of 2 µm, but
nanometer-size SQUIDs can be fabricated as well [85]. A sensor to sample distance
as small as the loop diameter can be obtained in a similar way as described before
for the pick-up loops. A possible approach involves the cutting of the Si substrate
close to the SQUID device and the coupling of the Si chip to a mechanical tuning
fork. Micro-SQUIDs were proven to compatible to crygenic temperature [86, 87]
and were applied to investigate basic properties of superconductors [88].

1.3.4 SQUID-on-Tip approach

From last section we got the limitations involving lithographically produced planar
SQUIDs on chip. Mainly, the difficulty in fabricating pick-up loop diameters smaller
than 100 nm and placing them at a similar or smaller distance from the sample under
investigation. This translates into a difficulty in reaching extremely high magnetic
and spin sensitivity. For this reason, in the 2000s a lot of research focused on produc-
ing SQUIDs, in a configuration that could combine high magnetic flux sensitivity,
reduction of sensor size and possibility to scan the sensor few nanometers above the
surface of interest, in a similar way to AFM or MFM experiments.
An extremely successful approach to produce SQUIDs suitable for SPM experiments
was the one introduced in 2010 by Finkler et al. in the Zeldov group at the Weizmann
Institute [2]. The idea behind this technique is to fabricate a SQUID, based on two
Dayem bridges, on the apex of a pulled quartz capillary. This device was called SOT.
The mechanical pulling defines a unique platform, with a tunable diameter as small
as 50 nm, where SQUIDs can be fabricated in a single, self-aligned process with-
out need of any lithographic step. The first device, made of Al, had a diameter of
about 200 nm and reported flux sensitivity of 1.8 µΦ0/

√
Hz and spin sensitivity of
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65 µB/
√

Hz. Performance improved rapidly over the years, until the work by Va-
suykov et al. [54] reported a 46 nm diameter SOT, made of Pb, with flux sensitivity
of 50 nΦ0/

√
Hz and single-spin sensitivity of 0.38 µB/

√
Hz.

To integrate such a nano-SQUID into a scanning probe microscope, the SOT can be
physically coupled to a commercial tuning fork [2, 89]. When voltage biased, the
tuning fork oscillates, with an amplitude of about 1 nm. The quartz capillary, cou-
pled to the tuning fork, oscillates as well, in a way that depends on stiffness (related
to the material and the shape of the tapered part) and how far from the capillary’s
apex the tuning fork is coupled. The reduction in amplitude and frequency shift of
the resonance peak of the tuning fork can be used to obtain a feedback on the sample
to sensor distance.
To give the reader an understanding of the potential of this approach, SOT sensors
were used to study the lattice [89], pinning and expulsion [90] and dynamics [4]
of superconducting vortices; few studies on 2D materials focused on graphene, es-
pecially on mapping resonant dissipation from individual atomic defects [5], twist-
angle disorder and Landau levels in magic-angle graphene [6] and long-range non-
topological edge currents in charge-neutral graphene [7]. Furthermore, imaging
analysis of magnetic configurations of individual ferromagnetic nanotubes [91] and
of a chiral artificial spin ice system [92] can be mentioned.
Due to the dependence of the superconducting properties on temperature, SQUIDs
are excellent thermometers, so they are suitable for local AC thermometry. A re-
quirement for that is to thermally couple the SQUID junctions to the sample under
investigation. An advantage offered by the SOT configuration is the possibility to
approach the sensor close enough to the sample surface to perform local thermom-
etry. A great example is given by the work of Halbertal [3], where a SOT with ther-
mal sensitivity below 1 µK/

√
Hz was reported. Such a sensor was used to perform

nanoscale thermal imaging of quantum matter.
A very detailed description of how SOT sensors are fabricated and characterized,
together with the implementation of such sensors into a SPM setup will be provided
in Chap. 2. In the following, the rate equations for the SOT in its typical electronic
setup will be described.

Rate equations for the SOT

In this final theoretical section, we go deeper into the circuit description of the SOT
by introducing the typical electric circuit used to measure the SOT response and pre-
senting a simplified analytic solution for the current flowing through the SOT.
As mentioned earlier in the chapter, analytic solution for the current flowing through
a DC SQUID is possible only under the assumption that the Stewart-McCumber and
screening parameters are respectively βc � 1 and βL � 1, which means that capaci-
tance and inductance are negligible. In all other combinations of βc and βL, numeri-
cal solutions are required; for more explanation about this case we refer to the work
by Finkler [93].
In the very simplified model presented in Figure 1.7, the SOT, in orange color, is
treated as a single Josephson junction, in blue color, characterized by a critical cur-
rent Ic and a phase difference δ between the two superconducting electrodes. ISOT
denotes the current flowing through the SOT, while RSOT is the resistance and CSOT
is the capacitance.
The general circuit used to bias the SOT is shown in black color and consists of:

• Vbias is the DC bias voltage.
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• Rbias is the input bias resistance. Usually in the few kΩ range, it is much higher
than all the other resistances in the circuit. For this reason the bias current can
be expressed as: Ibias = Vbias/Rbias. It is important that Rbias is not too high, as
Johnson-Nyquist thermal noise associated to a resistor scales with the square
root of the resistance. Typical noise for resistors in the kΩ range is less than 10
nV/
√

Hz.

• Rs is the external bias shunt resistance, usually in the range of few Ω.

• Rp is the parasitic resistance in series with the SOT, usually in the range of few
Ω. It is influenced by the overall resistance of the electrical line, as well as by
the contact resistance between the SOT electrodes and the SOT holder.
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FIGURE 1.7: Diagram reporting the bias circuit for the SOT. The readout
component is missing and will be mentioned in Chap. 2. In black the general
circuit structure, with bias voltage Vbias, bias resistance Rbias, shunt resistance
Rs and parasitic resistance Rp. The SOT (in orange color), is approximated
by a single Josephson junction (in blue color), described by a critical current
Ic and a phase difference δ between the two electrodes. ISOT denotes the
current flowing through the SOT, while RSOT is the resistance and CSOT is the

capacitance.

Together with Rp, the other important parameter which determines the behavior
of the SOT is the resistance RSOT. This is influenced by the quasiparticle resistance
of the SQUID, Rquas and by the short resistance Rshort of a narrow and thin Au stripe
evaporated close to the apex of the quartz pulled capillary. More details about this
will follow in Chap. 2. RSOT is given by the parallel of Rquas and Rshort, so:

RSOT =
RquasRshort

Rquas + Rshort
(1.25)

In the following analysis, an expression for the current flowing through the SOT
as function of the bias voltage is derived. Initially, Kirchhoff’s laws are used to split
the behavior of the SOT depending on whether the current flowing through the SOT
is smaller or larger than the critical current [93].
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For ISOT ≤ Ic:

Vs = Ibias
Rs(Rp + RSOT)

Rp + Rs + RSOT
≈ Ibias

RsRp

Rp + Rs
(1.26a)

ISOT =
Vbias

Rbias

Rs

Rp + Rs
(1.26b)

where Vs is the voltage drop across the shunt resistance. The two equations de-
scribe the SOT in its superconducting state: RSOT can be approximated as null, while
ISOT follows a linear behavior as function of Vbias, with an angular coefficient given
by the parallel between parasitic and shunt resistances.

For ISOT > Ic:

Vs = (Ibias − ISOT)Rs (1.27a)
Vs = ISOT(Rp + RSOT)− RSOT Ic sin δ (1.27b)

h̄
2 e

∂δ

∂t
= (ISOT − Ic sin δ)RSOT (1.27c)

where in the last case the connection between voltage drop and time evolution
of the phase difference is provided by Josephson equation, Eq. 1.2.
Combining Eqs. 1.27a and 1.27b, we find that:

ISOT(Rp + RSOT + Rs) = IbiasRs + RSOT Ic sin δ (1.28)

This leads to an expression for the current flowing through the SOT:

ISOT =
IbiasRs + RSOT Ic sin δ

Rp + Rs + RSOT
(1.29)

By inserting Eq. 1.29 into Eq. 1.27c, the following differential equation for the
phase difference as function of the other circut parameters is obtained:

h̄
2 e

∂δ

∂t
=

[
IbiasRs + RSOT Ic sin δ− Ic sin δ(Rp + Rs + RSOT)

Rp + Rs + RSOT

]
RSOT (1.30)

This can be rearranged as:

h̄
2 e

∂δ

∂t
+

RSOT(Rp + Rs)

Rp + Rs + RSOT
Ic sin δ− RSOTRs

Rp + Rs + RSOT
Ibias = 0 (1.31)

By introducing the parameter η = RSOT(Rp + Rs)/(Rp + Rs + RSOT) and multi-
plying Eq. 1.31 times 1/η, we obtain:

h̄
2 eη

∂δ

∂t
+ Ic sin δ− Ibias

Rs

Rp + Rs
= 0 (1.32)

which represents a differential equation of the form a∂y/∂t + b sin y − c = 0,
where a = h̄(Rp + Rs + RSOT)/2 eRSOT(Rp + Rs), b = Ic and c = IbiasRs/(Rp + Rs).

The analytic solution of Eq. 1.32 is known and is of the kind:
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y(t) = 2 tan−1

b +
√

c2 − b2 tan
(√

c2−b2

2a t
)

c

 (1.33)

The mathematical development for this equation is explained in details in [93]
and goes beyond the purpose of this section. Briefly, Eq. 1.33 provides a solution for
the phase difference δ and its time evolution ∂δ/∂t. By inserting these results in Eq.
1.32, a time dependent solution for ISOT is achieved.
By averaging the solution over one period [0, 2π], a final expression for the average
current through the SOT, as a function of Vbias, can be written:

ISOT(Vbias) =


Vbias
Rbias

Rs
Rp+Rs

if Vbias
Rbias

Rs
Rp+Rs

< Ic,
Vbias
Rbias

Rs
Rp+Rs

− RSOT
Rp+Rs+RSOT

√
(Vbias

Rbias

Rs
Rp+Rs

)2 − I2
c if Vbias

Rbias

Rs
Rp+Rs

> Ic

(1.34)

The two equations can be used to analytically fit the measured I-V characteristic
of a SOT. This is reported in Figure 1.8, where the black curve corresponds to the
experimental data of a 180 nm diameter SOT made of Nb and the red curve is the fit
according to Eq. 1.34. Circuit elements Rbias = 6100 Ω and Rs = 3 Ω are assumed
as fixed, Ic = 48.2 µA is extracted from the data, while Rp and RSOT are the fitting
parameters. The expression from Eq. 1.34 well fits the experimental data, with an
outcoming parasitic resistance of Rp = 0.5 Ω and a SOT resistance of RSOT = 5.5 Ω.
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FIGURE 1.8: Analytic fit of the I-V characteristic of a 180 nm diameter SOT,
made of Nb. Data are reported in black color, while the fit is shown in red
color. To analytically fit the data, Eq. 1.34 is used, with fitting parameters Rp
and RSOT. Fit is in good agreement with the data, with parasitic resistance

Rp = 0.5 Ω and SOT resistance RSOT = 5.5 Ω.
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Few further comments regard the single junction approach followed in this sec-
tion. By comparing the expressions of Eqs. 1.27c and 1.6, it is immediate to get that
in this treatment the SOT capacitance contribution proportional to CSOT∂2δ/∂t2 was
assumed to be negligible. This means that the RCSJ model is reduced to a more
simplified RSJ model. Recalling the definition of the Stewart-McCumber parameter,
βc = 2π IcR2

SOTCSOT/Φ0, a negligible capacitance is equivalent to the case βc → 0.
Physically this is the case of an extremely overdamped SOT, with no hysteresis in
the I-V characteristic: this means that SOT transitions from the normal state back
to the superconducting state at a current equal to the critical current (instead of at a
lower one).
In a non-ideal SOT case, the capacitance is still quite low and the βc parameter is
mainly influenced by the values of Ic and RSOT. A way to keep βc � 1 is to decrease
the critical current of the SOT, but the most effective action is to decrease the SOT
resistance. This can be achieved by decreasing the resistance Rshort of the Au-stripe
short in parallel to the quasiparticle normal-state resistance of the SOT.
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Chapter 2

Sensors

This chapter focuses on fabrication and characterization of the SOT sensors, and
their integration in a SPM setup. Contents are articulated in six sections.
First section explaines the preparation steps required before coating the capillaries
with superconducting material. This part is followed by the description of the fabri-
cation of the SOT sensors, made of Pb, MoGe and Nb by the use of different depo-
sition techniques. Third and fourth sections introduce the test measurement setup
and then report I-V characteristics and noise measurements for SOTs made of the
three materials of interest.
In the fifth section, we analyze the advantages and drawbacks offered by Pb, MoGe
and Nb and present a guide about which material should be used according to the
requirements imposed by the SPM experiment.
Final part focuses on the integration of the SOT sensor into a SPM setup, and the
coupling of the SOT to a qPlus mechanical resonator.

2.1 Preparation of quartz capillaries

The SOT fabrication consists on defining a SQUID, composed by two superconduct-
ing electrodes and a ring with two Josephson junctions enclosed in it, on the apex
of a quartz capillary. Before coating the capillary with the desired superconducting
material, few initial steps are required. Laser-pulling the capillary defines a sharp
tip, with tunable diameter, which serves as a platform to define the superconduct-
ing ring. Furthermore, a way to hold the capillary on place and provide electrical
contact to the two superconductive electrodes is needed.

2.1.1 Laser-pulling quartz capillaries

The first fabrication step is laser-pulling the quartz capillaries. It is of primary im-
portance, since it defines shape and length of the tapered part, and its final diameter.
The tip diameter automatically determines the effective diameter of the SQUID that
will be defined on top. This parameter sets the spatial resolution of the sensor for
magnetic imaging applications.

Laser-pulling in our case was performed using the commercial puller Sutter In-
strument P2000. A full description of the pulling parameters, a guide about how to
set them according to the goal, and a book of recipes are reported in Appendix A.
For this reason, here only few important concepts are mentioned.
The key feature of laser-pulling is to uniformly warm up the outer surface of the
pipette and pull it from opposite sides until two perfectly equal sharp pipettes are
achieved. The way the capillary is warmed up and the strength of the mechanical
pulling action determine the final diameter of the tip. Values ranging from few tens
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to few hundreds of nanometers can be obtained. The process maintaines the aspect
ratio of the capillary, which means that the proportion between wall width and outer
diameter doesn’t change.
Two types of quartz capillaries were used in this study. Figure 2.1(a) shows a com-
mercial pipette, with inner diameter (ID) of 0.5 mm and outer diameter (OD) of 1
mm. The relatively big wall thickness of 250 µm is required when quartz capillaries
with diameter as small as 50 nm are aimed.
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(a)

FIGURE 2.1: Cross section of the quartz capillaries used in our experiments.
All dimensions are expressed in mm units. (a) Standard pipette, with inner
diameter (ID) 0.5 mm and outer diameter (OD) 1 mm. (b) Custom 4-grooves
capillary, with ID 0.4 mm and OD 1 mm. Grooves are 80 µm deep and 150

µm wide and they are disposed symmetrically.

Despite easy to pull with small final diameter, uniformly circular capillaries are
not feasible for fabricating SOTs with diameter below 100 nm. A challenge is found
in maintaining a gap between the superconducting leads along the pipette. In fact,
when the pipette is coated with the superconducting material, as the diameter of
the pipette is reduced, the gap size shrinks proportionally, leading to formation of
electrical shorts and extra undesired Josephson junctions between the leads.
For this reason, we have designed quartz capillaries enclosing four symmetric grooves
along its length. The cross section of such a pipette is showed in Figure 2.1(b). Once
pulled, the grooves maintain their original shape, with the size scaling down with
the tip diameter. While coating the capillary with the superconducting material, the
groove acts as a physical barrier and provides shadowing for the material, contribut-
ing to preserve a gap in between the electrodes. To this aim, two grooves on opposite
sides, aligned to the two superconducting gaps, would be enough. However, pulling
a pipette with only two opposite grooves would provide an oval cross-sectional area
SOT. Since this sensor is thought to be used as a magnetometer in a scanning ex-
periment, a circular cross section is preferable. That is obtained by designing four
symmetric grooves.
It is worth to mention that grooves offer the additional advantage of shrinking the
effective width and length of the two weak links created on the apex of the cap-
illary. This influences some important parameters of the SQUID, such as critical
current, Stewart-McCumber parameter and kinetic inductance, which could lead to
improved magnetic field/flux noise sensitivity and wider modulation depth. There-
fore, customizing the geometry of the grooves with different depth and width can
be used to tune the properties of the sensors.
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2.1.2 Evaporation of Au electrodes and short

After the pulling process, the sharp tips are cut by a diamond scriber to a length of
18 mm and inserted into a grid made of brass with eight slots. The grid, designed
with the commercial software Solidworks, is reported in Figure 2.2. This grid has
the particularity of serving a double purpose. In first place it safely holds and stores
the capillaries; moreover, it acts as a shadow mask for the deposition of the Au
electrodes on opposite sides along the body of the pipette. To prevent overlap of the
two electrodes, the slit on both sides has a limited width of 400 µm. The deposition
of the electrodes is done in a high vacuum chamber by using e-beam evaporation.
The final layer is composed by 5 nm Ti / 50 nm Cu / 20 nm Au and is symmetric
on both sides. When working with four-grooves pipettes, it is important to fix the
pipette in such a way one groove is perfectly aligned to the center of the slit. The
electrodes are deposited only on the whole body length of the pipette, while the
tapered part is protected by a mask.
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M1.2

FIGURE 2.2: Schematic Solidworks 3D drawing of the grid used to store the
capillaries and deposit Au electrodes and short. All dimensions are expressed
in mm units. Capillaries are hold on place at the base by kapton tape. The 0.4
mm wide slits on opposite sides act as a shadow mask for the evaporation of
Au electrodes along the body of the pipette, while the sharp tip is protected

by an additional mask.

As a last step, pipettes are rotated by 90◦ and a thin and narrow Au layer short is
deposited close to the tip apex. As explained in Sec. 1.3.4, this layer acts as a resistive
shunt between the superconducting leads, in parallel to the SOT, and allows to tune
the normal metal state resistance, RSOT. The value of RSOT influences βc and deter-
mines the electrical response of the SOT when transitioning from superconducting
to normal state. Moreover, the short protects the SOT from static discharge while the
device is at room temperature.
The resistance of the short is a function of its geometrical parameters. The length is
set by the pipette shape and depends on the distance of the short from the tip apex.
The width can be changed by using different evaporation masks and the thickness
can be tuned with very good precision.
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The process is sketched in Figure 2.3(a), where only the tapered part of the pipette
is shown. The mask, in grey color, has a tunable width, typically set to 100 µm. The
center of the short is placed at a distance of 350 µm from the tip apex, while the evap-
orated thickness is 2 nm Ti / 5 - 10 nm Au. To set the position of the short, a M1.2
screw placed at the bottom of the grid is used to push the pipette upwards and hold
it on place. By using an optical microscope, it is straightforward to align the tip apex
with respect to the evaporation mask, with a precision of ± 10 µm. Figure 2.3(b)
shows an optical microscope picture of a four-grooves quartz capillary, coated with
a 2 nm Ti / 6 nm Au short, placed at 340 µm from the tip apex. On the right side,
a more resolved Scanning Electron Microscope (SEM) picture is reported. The com-
bination of the short geometrical parameters provide a typical RSOT of about 5 - 10
Ω.
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SEM

FIGURE 2.3: (a) Schematic drawing of the Au short deposition. A 100 µm
wide mask is used for e-beam evaporation of a thin and narrow Ti/Au layer.
Typically the center of the short is placed 350 µm far from the tip apex and
the short thickness is 2 nm Ti / 5 - 10 nm Au. (b) Optical microscope and SEM
pictures of a 2 nm Ti / 6 nm Au thick short. Both scale bars correspond to 100
µm. The short in the optical microscope picture is placed at about 340 µm
from the tip apex, while the one in the SEM picture at about 1 mm distance.

2.1.3 Indium coating

At this stage, a batch of 8 or 16 tips with similar diameter and Au short resistance is
achieved. The last preparation step before defining the SQUID is to fix a capillary on
its holder and provide electrical contact to the evaporated Au electrodes and mini-
mize the contact resistance.
The 3D rendering of the SOT holder is reported in Figure 2.4. The capillary is slided
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inside the circular groove of a titanium holder, oriented in such a way one Au elec-
trode is facing the holder body and the other one is pointing upwards and is electri-
cally uncoupled from the holder. The pipette is clamped by two conductive springs.
The bottom one, welded to the titanium body, is electrically connected to the lower
SOT electrode; the top spring is insulated from the holder body and provides electri-
cal contact just to the top SOT electrode. A dedicated screw allows to short bottom
and top electrodes, as a safety procedure while not measuring. Two vertical sup-
ports are suited for the integration of an additional component, which couples the
tip to a qPlus mechanical resonator (see Sec. 2.6.1).
As mentioned in Sec. 1.3.4, the SOT parasitic resistance depends on the overall elec-
trical resistance of the line, as well as on the contact resistance between the SOT
Au electrodes and the holder. Especially when using capillaries with grooves, the
electrical contact between springs and Au electrodes is not optimal, leading to an
unconsistent resistance of several Ohm. The consequence of high resistance and
lack of consistency is that tips with similar RSOT show a different response.
To improve the contact between springs and Au electrodes, a layer of In is soldered
on top of both Au electrodes, along their entire length, before clamping the capillary
on place. As a final check, the electrical resistance between the holder top electrode
and the end of the In-painted Au electrode is measured. Typically this resistance is
about 0.2 - 0.4 Ω (to be compared to about 2 Ω for the case without In layer). This
considerably lowers Rp down to very consistent value of 0.5 - 1 Ω.
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SOT

FIGURE 2.4: 3D rendering of the SOT holder. The main body is made of
titanium, which is a non-magnetic material. The pulled capillary, with the
evaporated Au electrodes and short, is clamped by two conductive springs.
The bottom spring is electrically connected to the holder body and to the
lower Au SOT electrode; the top spring is insulated from the holder body
and provides electrical contact just to the top SOT Au electrode. A screw
allows to electrically short bottom and top electrodes, as a safety while not
measuring. Two supports are suited for the integration of a qPlus mechanical

resonator, coupled to the tip apex.
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2.2 SQUID-on-Tip fabrication

In the following, for the three materials of interest the deposition procedure and few
SEM pictures of final devices are shown.

2.2.1 Pb deposition

Our interest in Pb is motivated by its potential in terms of extremely low current
noise and high magnetic sensitivity. At 4.2 K it was reported to show a record flux
noise of 50 nΦ0/

√
Hz [54].

Pb deposition was performed via thermal evaporation in a high-vacuum custom-
built evaporator. This technique is rather simple to describe. Pb pellets are placed
inside a tungsten boat at the bottom of a low-pressure chamber. A large DC current
(∼ 100 A or more) flows through the boat and makes the pellets melting and then
evaporating. Due to the vacuum level, Pb atoms travel ballistically (without scatter-
ing) upwards in the direction of the target of interest.
Our custom-built evaporator uses a turbomolecular pump to reach a base pressure
of 5 × 10−8 mbar. The sample holder is mounted on the end of a rotateable sample
stage, called cold-finger. This allows to coat the capillary with Pb, with the capil-
lary rotated at different angles, as shown in Figure 2.5. This feature is of extreme
importance, because the SQUID can be fabricated in one unique evaporation cycle,
without the need of accessing the evaporator to change the orientation of the capil-
lary.
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ballistic Pb

FIGURE 2.5: Thermal evaporation of Pb. Firstly the superconducting elec-
trodes 1© and 2© are deposited, with the pipette rotated by ± 110◦, then the
SQUID ring 3© is formed on the tip apex by evaporating Pb on the pipette

aligned to 0◦.

At room temperature Pb atoms are characterized by a high surface mobility,
which results in a growth of islands barely connected to each other. In fact, Pb films



2.2. SQUID-on-Tip fabrication 31

deposited at room temperature show percolation only for large deposited thickness.
Moreover, Pb films degrade quite fast when exposed to oxygen, due to a rapid oxida-
tion process. To overcome these issues, it is important to improve the base operating
pressure and cool the sample holder as much as possible. In our system this is done
in two ways.
In first place, the sample holder is surrounded by a shell (with a hole facing the
tungsten boat), cooled down to 77 K. This is helpful to perform cryo-pumping and
improve the vacuum down to 1 × 10−8 mbar. Furthermore, the cold-finger has a
hollow interspace where liquid 4He can flow. This cools the copper sample holder
by thermal contact down to a T ∼ 4.5 K. This holder is in contact with the titanium
SOT holder hosting the quartz pipette. We do not have a temperature sensor on the
titanium holder and it is predictable that temperature of quartz will be higher than
5 K, due to the low thermal conductivity of both titanium and quartz. However, we
experienced that waiting long time after inserting liquid helium allows to achieve
good quality Pb thin films.

In the following, the procedure used to deposit Pb is reported. We refer to Fig-
ure 2.5 for the order of the deposition stages and the rotation of the capillary in each
stage.

1. After pumping to 5 - 8 × 10−8 mbar, the shell around the SOT holder is cooled
by liquid nitrogen. This allows to reach the bottom of 10−8 mbar range.

2. Cold-finger is cooled down by tiny flow of liquid 4He.

3. 40 minutes waiting time, while He gas at a pressure of 5 × 10−5 mbar is main-
tained in the main chamber. This improves the heat exchange between the
cold-finger and the titanium SOT holder.

4. 5 minutes pumping, to recover base pressure.

5. Superconducting electrode 1© at -110◦. This coats the capillary by overlapping
one indium-coated Au electrode. Evaporation rate is ∼ 2 Å/s and final thick-
ness is ∼ 25 - 30 nm.

6. 20 minutes waiting time, while He gas at a pressure of 5 × 10−5 mbar is main-
tained. This helps in cooling the pipette down after hot Pb film was deposited.

7. 5 minutes pumping.

8. Superconducting electrode 2© at +110◦, overlapping the other indium-coated
Au electrode. Typically, same amount of material of the other electrode is de-
posited, at a similar rate.

9. 30 minutes waiting time, followed by 5 minutes pumping.

10. Apex ring 3© at 0◦. Thickness is ∼ 20 - 25 nm.

Figure 2.6 presents SEM images of four working Pb SOTs, with effective diame-
ters in the range 105 - 300 nm. Figure 2.6(a) highlights the key elements of the sensor.
The blue dotted line defines the gap between the two superconducting electrodes.
The homogeneous thin coating means that the quartz capillary was well cooled dur-
ing the deposition process. The two red dotted lines mark the Dayem bridges closing
the apex ring.
SOTs in Figure 2.6(a)-(b) are made using standard 1mm OD quartz capillaries, while
the ones reported in Figure 2.6(c)-(d) are made starting from 4-grooves capillaries.
It is interest to notice that the presence of the groove helps in maintaining a well
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defined superconducting gap when the diameter of the SOT is reduced to 100 nm.
This prevents from creating an electrical short or undesired weak links between the
superconducting electrodes.
Here pictures of working SOTs were reported, but overall this fabrication process is
not straightforward, it has a low yield and can lead to different failures due to exter-
nal factors. Main issues are related to electrical discharge, thermal failure in cooling
the capillary down and non-optimal pulling process. For further pictures showing
typical issues in Pb deposition we refer to Appendix B.

100 nm
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4-GROOVES CAPILLARIES
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FIGURE 2.6: SEM images of Pb SOTs, where (a)-(b) are standard capillaries
and (c)-(d) are 4-grooves capillaries. (a) Diameter ∅300 nm. The blue dotted
line defines the superconducting gap between the two electrodes (labelled
as SC) on the sides. The red dotted circles at the apex mark the two Dayem
bridges closing the SQUID ring. (b) ∅155 nm. (c) ∅125 nm. (d) ∅105 nm.
In (c)-(d) it is possible to notice the positive influence of the groove in main-
taining a well defined superconducting gap when the diameter of the SOT is

reduced to 100 nm.

2.2.2 MoGe deposition

The fabrication of Molybdenum-Germanium (MoGe) SOTs is motivated by the in-
terest in developing a robust sensor that shows low degrade in air, can operate at
sub-Kelvin temperature and in presence of high applied magnetic field. In this tem-
perature range Pb SOTs become highly hysteretic due to an increase of the critical
current and thermal instabilities. Moreover, even the smallest Pb SOT is limited to
an applied field of about 2 T. Compared to Pb, MoGe better performs in the mK
temperature regime and has a high critical magnetic field of about 3 - 4 T at base
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temperature.
Deposition techniques arising from point-like sources in high vacuum, such as e-
beam evaporation or thermal evaporation described for the Pb case, are the most
straightforward way to achieve a self-aligned coating method and avoid electrical
shorts between the superconducting leads. However, these techniques are not suit-
able to evaporate alloys and the choice of materials is limited to elemental materials,
such as Pb, Nb, In, Al.
An alternative technique, well established for the deposition of high quality, thin
films on planar subtrates is magnetron sputtering deposition. This relies on the pro-
duction of a plasma through electrical discharge and on electrostatically accelerated
ions hitting a target of the material of interest. The target is positioned as a cath-
ode inside a electrically grounded chamber which is in ultra-high vacuum (UHV)
condition. Collisions of ions with atoms at the surface of the target can lead to an
ejection of atoms into the vacuum environment. In order to increase the yield of the
process, magnetron sources are used to confine the charged particles of the plasma
close to the surface of the target: the combined effect of the electric field driving the
sputtering process and the magnetic field due to the magnets placed behind the tar-
get leads to a higher electrons concentration in the target region, which results in a
higher ionization rate and in a higher deposition rate.

0.5 mm
0.2 mm
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FIGURE 2.7: Sketch of magnetron sputtering setup, with collimation slit
filtering the flow of atoms ejected from the target. Due to the difference in
pressure before and after the slit, the flow of atoms directed towards the cap-
illary is quasi-ballistic. The pipette, whose shape is reported in Figure 2.1(b),
can be rotated in-situ to achieve three stage deposition in one unique process.

Typically targets with large size (1 or 2 inches diameter) and high Ar gas pressure
(∼ 2 - 5 × 10−3 mbar) are required for depositing high quality thin films. This leads
to a diffusive propagation of metallic atoms, which in principle is not compatible
with SOT fabrication.
A way to combine magnetron sputtering and ballistic-flow deposition from point-
like source relies on a differential pressure between the two regions where target
and sample are located [9]. A closed chamber is implemented and mounted on a
commercial sputtering source (AJA 320-XP UHV) in a way that surrounds the target
and completely separates it from the main chamber where the quartz capillary is
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located. The sputtering chamber is set up with a dedicated gas line which allows
to spark a plasma and the only connection between the sputtering chamber and
the main chamber is a provided by a small cross-sectional area slit, that acts as a
collimator for the sputtered atoms.
The collimation slit provokes a difference in pressure of two orders of magnitude or
more between the sputtering chamber (∼ 10−3 mbar) and the main chamber (∼ 10−5

mbar). This allows proper operation of the sputtering source, as well as a quasi-
ballistic flow of atoms out of the slit. Obviously, the plasma flow is subjected to get
widened when the distance from the slit increases, making the flow more diffusive
than ballistic; for this reason, the capillary is kept as close as possible to the outer
part of the collimator.
Our situation is sketched in Figure 2.7. The main chamber can be pumped down to
a base pressure of 7 × 10−10 mbar, thanks to the combination of baking up to 400 K,
use of turbomolecular pump and cryocooling with liquid nitrogen cold-finger. The
typical pressure obtained after one day attests on about 2 - 4 × 10−9 mbar. We use
a 79/21 weight percent, 99.95% pure, 0.250 inch thick and 2 inches diameter MoGe
target. The collimation slit has dimensions of 20 mm × 2 mm and the capillary
is about 20 mm far from the outer part of the slit. A Ar gas pressure of 5 × 10−3

mbar is set in the sputtering chamber, corresponding to 1.5 × 10−5 mbar in the main
chamber where the capillary is placed. A DC power of 120 W is used to achieve a
sputtering rate of about 0.8 Å/s outside the collimation slit. The film thickness on
both electrodes and apex ring is in the range from 40 to 60 nm.
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FIGURE 2.8: SEM images of a 4-grooves, ∅150 nm sputtered MoGe SOT. (a)
view of the apex, where the blue dotted line defines the superconducting gap
between the two electrodes (labelled as SC) and the red dotted circles at the
apex mark the two Dayem bridges closing the SQUID ring. (b) zoomed-in
view of the superconducting gap at few micrometers of distance from the tip
apex. It is possible to notice the considerable amount of material deposited
on the gap due to lack of directionality in the sputtering deposition method.
However, thanks to the grooves and to the collimaton process, the two elec-

trodes are not electrically shorted.

The technique just described proved to be extremely reliable, tested on a wide
range of pressures, deposition angles and amount of material deposited. Figure 2.8(a)
reports the SEM image of the apex of a ∅ 150 nm sputtered MoGe SOT, while Fig-
ure 2.8(b) shows the superconducting electrodes and the gap at few µm of distance
from the apex. The main difference from the evaporated Pb SOTs is the increased
amount of material coating the gap between the electrodes due to a lack of direc-
tionality in the deposition method. However, the combination of grooves and colli-
mation system help in avoiding undesired electrical shorts.
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2.2.3 Nb deposition

Nb SOTs are meant to be a compromise between the sensitivity of evaporated Pb
SOTs and the robustness and wide temperature and field working range of the sput-
tered MoGe SOTs.
There are few concerns regarding Nb deposition. Firstly, when Nb is exposed to
oxygen, a dead layer of material is created, which degrades the superconducting
properties of the film. A similar degradation involves the first few atomic layers that
are in contact with the quartz capillary. As a consequence, thicker films are required
to ensure that the film remains superconducting.
The first idea to overcome these issues is to use the magnetron sputtering deposition
technique explained for MoGe, relying on a differential pressure and a collimation
slit to guarantee a superconducting gap between the electrodes. Particularly crucial
for Nb deposition is the base pressure in main chamber before inserting Ar gas, to
reduce contamination from oxygen. As mentioned before, the base pressure achiev-
able in one day is about 1 × 10−9 mbar.
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FIGURE 2.9: Measurement of the electrical resistance as function of temper-
ature for two different 50 nm thick Nb planar devices, sputtered on Si/SiO2.
In both cases a 4-point-measurement is performed, showing a sharp transi-
tion from superconducting to normal state. The discrepance in the normal
state resistance to which the samples transition can be explained by a dif-
ferent sample shape. The blue curve, with a Tc = 7.1 K, refers to a Nb film
sputtered with collimation chamber; the red curve, with a Tc = 8.9 K, refers
to a Nb film sputtered without collimation chamber and encapsulated in be-
tween two thin sputtered layers of Ti. Encapsulation increases the quality of

the thin film.

In order to estimate the quality of a sputtered Nb thin film, a standard planar
device suitable for 4-point-measurement was fabricated on Si/SiO2 substrate via op-
tical lithography. After reaching a base pressure of 8 × 10−10 mbar, a 50 nm Nb film
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was sputtered using a DC power of 150 W and Ar pressure of 3 × 10−3 mbar, corre-
sponding to a sputtering rate of 0.5 Å/s outside the slit. The 4-point-measurement
of the electrical resistance as function of temperature is shown by the blue curve in
Figure 2.9. The device undergoes a sharp transition from normal to superconducting
state at Tc = 7.1 K. This temperature is quite far from the critical temperature, Tc = 9.3
K, found in case of bulk Nb. The discrepance of more than 2 K can be explained by
the contamination of both bottom and top layers due to quartz and oxygen, as well
as by the not ideal deposition method offered by the collimation slit. In fact, the slit
increases the DC power required for obtaining a sufficient sputtering rate, in such a
way the atoms undergo many scattering processes before being ejected from the slit.
This chaotic ejection of atoms contributes to lower the quality of the sputtered film.
It is predictable that sputtering on a curved surface such as a quartz capillary will
further contribute in decreasing the quality of the thin film, and consequently the Tc
value.

A second approach is to recover a conventional sputtering process by removing
the collimation chamber and to encapsulate the Nb film between a bottom and top
thin Ti layers. A similar planar device was fabricated and a 50 nm thick Nb film was
sputtered using a DC power of 70 W and Ar pressure of 5 × 10−3 mbar, correspond-
ing to a sputtering rate of 3 Å/s. The higher rate, meaning a faster process, together
with less chaotic ejection of atoms and lack of contamination from oxygen, are ex-
pected to provide a much higher Tc value. Measurement of the electrical resistance
as function of temperature for this device is shown by the red curve in Figure 2.9.
The critical temperature is Tc = 8.9 K, which is very close to the Tc of bulk Nb. The
discrepance in the normal state resistance to which the two samples transition can
be explained by a different sample design.
As a further proof of the better quality provided by the second method, the RRR
ratio between the electrical resistance R at 300 K and the residual R before the transi-
tion to superconducting state was evaluated for both samples. A higher ratio means
a better film quality. Sputtering with collimation slit and without encapsulation of
the Nb film provides a RRR ratio of about 1.6 (R300K ' 12 Ω, R10K ' 7.3 Ω), while
conventional sputtering with encapsulation of the Nb film leads to a RRR ratio of
about 3 (R300K ' 45 Ω, R10K ' 15 Ω).
After testing the quality of the two methods, Nb sputtering deposition on quartz
capillaries was performed without collimation slit and sandwiching the Nb film with
bottom and top Ti layers. Nb is sputtered with a DC power of 70 W, Ar pressure of
5 × 10−3 mbar at a flow of 30 sccm. The sputtering rate is 3 Å/s. Ti is sputtered
with a DC power of 60 W, Ar pressure of 5 × 10−3 mbar at a flow of 30 sccm. The
sputtering rate is 1.25 Å/s. A typical recipe is 3 nm Ti / 28 nm Nb / 3 nm Ti on the
electrodes, with an angle of ±120◦, and 5 nm Ti / 30 nm Nb / 4 nm Ti on the apex
ring.
The increased deposition angle for the electrodes, together with the presence of
grooves, contributes to maintain a gap between the two superconducting electrodes.
This can be seen in Figure 2.10, where two sputtered Nb SOTs are shown, with ∅80
nm in Figure 2.10(a) and ∅220 nm in Figure 2.10(b).
Despite a well defined superconducting gap, it is not straightforward to obtain work-
ing Nb SOTs with this technique and margins of improvement can be gained by tun-
ing the thickness of the bottom and top Ti layers, as well as by tuning Ar pressure
and DC power value to modify the Nb grain size. Furthermore, Nb film quality
could be improved by upgrading the setup in such a way a lower base pressure is
reached.
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FIGURE 2.10: SEM images of two 4-grooves sputtered encapsulated Nb
SOTs. (a) ∅80 nm (b) ∅220 nm. The blue dotted line marks the edges of the
superconducting gap between the two electrodes and the red dotted circles at
the apex indicate the two Dayem bridges closing the SQUID ring. Thanks to
the grooves, a well defined gap can be noticed despite the deposition method

is not directional.

2.3 Setup for characterizing the sensors

Before using the SOT sensors as a magnetic scanning tool, their properties need be
tested, to understand if they fit the requirements imposed by the planned experi-
ment. Important parameters are the critical current, the sensitivity to magnetic field
and flux, the critical field and the scanning spatial resolution, which is connected to
the effective diameter of the SOT.
The characterization of SOTs is performed at 4.2 K using a test electrical transport
probe, cooled down in liquid helium. The helium dewar contains a superconducting
solenoid, which allows to apply a magnetic field along the z-axis up to ±1.2 T. The
probe includes a temperature sensor, as well as a local heater, which can be used to
heat the SOT holder and characterize the electrical transport properties at different
temperature. All the measurements are performed in vacuum.

A schematics of the circuit is highlighted in Figure 2.11. The bias part is consis-
tent with the one reported in Figure 1.7. The circuit elements are:

• Vbias is the bias voltage, generated by a programmable DC source, Yokogawa
7651. Typically the voltage ranges from 0 to 3 V.

• Rbias is the bias resistance, 6.1 kΩ. This value is given by the series of a “warm”,
5.1 kΩ, resistance which stays at room temperature and a “cold”, 1 kΩ, resis-
tance which is cooled down to 4.2 K together with the SOT.

• Rs is a 3 Ω shunt resistance.

• Rp is the parasitic resistance, due the residual resistance of the test probe elec-
trical line and the contact resistance between the Au electrodes evaporated on
the capillary and the clamping springs of the tip holder (see Figure 2.4). Thanks
to indium coating, Rp is usually 1 Ω or less.

• SOT is characterized by a flow of current ISOT and by a resistance RSOT, given
by the parallel between the quasiparticle resistance and the Au short evapo-
rated close to the tip apex. Typically RSOT ' 6 - 10 Ω.
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The current bias Ibias = Vbias/Rbias flows through the parallel between the SOT
and the shunt resistance. The amount flowing through the SOT, ISOT, depends on the
SOT state, either superconducting or normal. ISOT is the quantity we are interested
to measure, because it carries the magnetic flux information sensed by the SQUID.
The readout, illustrated on the right side of Figure 2.11, can be described as follows:

• ISOT is inductively coupled to a SQUID Series Array Amplifier (SSAA), shown
in blue color, through an input inductance Lin. The SSAA is produced by Mag-
nicon. For further reading about SSAA we refer to [94].

• Due to the current coupled through the input inductance, the SSAA senses a
flux change.

• When working in Flux Locked Loop (FLL) mode, the SSAA compensates for
the measured change in flux via a feedback electronics, shown in green color.
The feedback electronics receives the information as a change in voltage and
sends back to the SSAA a current, inductively coupled through Lfb, which com-
pansates the sensed change in flux.

• The feedback current flows across a feedback resistance, Rfb, resulting in a
feedback voltage drop Vfb.

• Vfb is the raw signal measured in the SOT characterization, by a Agilent 34401A
Multimeter, as function of Vbias and at external applied magnetic field. From
the measurement of Vfb it is straightforward to calculate ISOT, which is the
physical quantity shown in the characterization reported in Sec. 2.4.
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ISOT

FIGURE 2.11: Sketch of the full SOT circuit. The bias part is consistent with
the one shown in Figure 1.7. The readout is performed using a SQUID Series
Array Amplifier (SSAA, in blue color), operating in flux-locked loop mode
and controlled by a dedicated electronics (green color). The current through
the SOT, ISOT, is inductively coupled via Lin to the SSAA, which senses a
change of flux produced by Lin. As a reaction to the change of flux, the feed-
back electronics flows a current back to the SSAA to compensate the change
of flux. This feedback current, flowing through the feedback resistance Rfb,
results in a feedback voltage Vfb, which is the quantity measured in the SOT

characterization.



2.4. SQUID performance 39

2.4 SQUID performance

The SOTs are tested at 4.2 K in two ways. In first place, by measuring the ISOT-Vbias
characteristic at different applied magnetic field we are able to show the quantum
interference pattern typical of a SQUID sensor.
From the collected data, a 2D plot of individual ISOT vs Vbias curves at few magnetic
field values can be achieved. This kind of plot shows the behavior of the SOT in its
superconducting and normal states. As known from the theory, the superconduct-
ing state is characterized by a slope, given by the parasitic resistance. To have a more
intuitive understanding of the superconducting state, from the ISOT vs Vbias curves
it is possible to calculate the ISOT vs VSOT behavior at few magnetic field values of
interest.
The second part of the data analysis regards the characterization of the magnetic
sensitivity of the device. By taking the first derivative of ISOT with respect to the
applied magnetic field, a map of the magnetic response function, ∂ISOT/∂B, as func-
tion of Vbias and B can be achieved. By taking a linecut of this map at fixed values of
Vbias, a 2D plot of few magnetic response functions as function of B at fixed Vbias is
obtained. This allows to understand in which (Vbias, B) points the SOT is responsive
and can be used for a magnetic scanning experiment.
The second performed measurement includes the use of a spectrum analyzer. In a
restricted magnetic field region of interest, for few values of Vbias, ISOT is recorded,
together with its spectral current noise. This allows to determine the magnetic field
and flux noise at a specific frequency and the magnetic field noise spectral density
at individual (Vbias, B) points. This is extremely important, because it shows the
ultimate limit for the magnetic field or flux which can be detected by the SOT as
function of the chosen bandwidth.
In the following section, the full set of data for a Nb, ∅180 nm SOT will be reported
and discussed, and some characteristics such as critical current and magnetic re-
sponse function will be compared to the ones achieved by MoGe and Pb SOTs.

2.4.1 I-V characteristics

By referring to the electrical circuit shown in Figure 2.11, the first measurement con-
sists on sweeping Vbias and recording Vfb data, for a set value of applied magnetic
field B. The measurement is repeated at different fields of interest. By dividing Vfb
by Rfb, data are converted into ISOT and plotted as function of B and Vbias.
The current map ISOT as function of B and Vbias for a Nb, ∅180 nm SOT is reported
in Figure 2.12, where the colorscale describes the amount of current flowing through
the SOT, expressed in units of µA. The map of ISOT shows a clear quantum inter-
ference pattern, which proves the SQUID behavior of the SOT. Current modulates
between a minimum value and the critical current, with the periodicity of one flux
quantum Φ0. In the range from -0.1 to 0.1 T, almost three periods can be observed.
The critical current at zero magnetic field is about 50 µA. By knowing the B range
corresponding to one oscillation period, Bperiod, and by reminding that flux quanti-
zation imposes Φ0 = Bperiodπr2, the effective diameter of the SOT can be calculated
as follows:

d [nm] = 2

√
Φ0 · 1018

πBperiod [T]
= 2

√
2065

πBperiod [T]
(2.1)
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The period of 0.081 T corresponds to an effective diameter of 180 nm.

FIGURE 2.12: Map of ISOT as function of Vbias and applied B for a sput-
tered Nb ∅180 nm SOT, showing the quantum interference pattern typical of
SQUIDs with the periodicity of one flux quantum. The map reports the first
three periods centered in zero field. Knowing the period of the interference
pattern, by using Eq. 2.1 it is possible to calculate the effective diameter of

the SOT.

FIGURE 2.13: Map of ISOT as function of Vbias and applied B for a sput-
tered Nb ∅180 nm SOT, showing the quantum interference pattern from zero
field up to 0.8 T. This measurement allows to estimate the upper limit for the

magnetic field at which the SOT is still responsive at 4.2 K.

The same measurement can be repeated on a wider range of applied B. The
purpose is to observe the evolution of the quantum interference pattern at higher
magnetic field, until the superconducting properties of the SOT degrade when B
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approaches the critical field. This is of great relevance because it defines an upper
limit for the applied magnetic field at which the SOT is still responsive. The data
measured from 0 up to 0.8 T are reported in Figure 2.13. The interference pattern
remains unchanged up to 0.5 - 0.6 T, while at higher fields a constant degradation is
observed. The critical field of this SOT at 4.2 K is about 0.9 T.
To provide a better interpretation of the data, we select few B values ranging from a
maximum to a minimum of one oscillation period and for each field we plot ISOT as
function of Vbias. Figure 2.14 shows such a 2D plot for 4-grooves SOTs made of Pb,
MoGe and Nb, allowing to compare different materials. To facilitate the compari-
son, the ISOT range in the plot is chosen to be similar, with the only exception for the
MoGe SOT that shows too low values.
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FIGURE 2.14: ISOT plotted as function of Vbias for few applied values of B,
corresponding to half of Bperiod. The 2D plot shows the SOT in its supercon-
ducting state and the transition to the normal state. The linear behavior in the
superconducting state is due to the parasitic resistance. ISOT range is similar
for all plots, except for (c), where critical current is lower. (a)-(b) Compar-
ison between a Ic = 72 µA, ∅256 nm Pb SOT (a) and a Ic = 48 µA, ∅188
nm Pb SOT (b). The higher critical current leads to a sharper transition from
superconducting to normal state. (c) Ic = 22 µA, ∅86 nm MoGe SOT. (d)

Ic = 48 µA, ∅180 nm Nb SOT.

Figure 2.14(a) reports a Ic = 72 µA, ∅256 nm Pb SOT, while Figure 2.14(b) shows
a Ic = 48 µA, ∅188 nm Pb SOT. The linear behavior in the superconducting state is
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due to the parasitic resistance, that slightly changes from sensor to sensor. In agree-
ment with Eq. 1.34, the higher critical current in Figure 2.14(a) leads to a sharper
transition from superconducting to normal state, with a negative resistance pattern.
This pattern is not observed anymore when lowering Ic by about 25 µA. The values
of critical current at which the transition gets from sharp to smooth are a property of
the superconducting material. In fact, as can be seen in Figure 2.14(d), a Ic = 48 µA,
∅180 nm Nb SOT (Ic value very similar to the one in Figure 2.14(b)) transitions to the
normal state by showing a really pronounced negative resistance pattern. Typically
even lower is the critical current characterizing MoGe SOTs: Figure 2.14(c) presents
a Ic = 22 µA, ∅86 nm MoGe SOT. In order to see negative resistance patterns for
MoGe, Ic values around 30 - 40 µA are usually required. As we will see in Sec. 2.4.2,
this translates to a different magnetic response function for these materials.
Another interesting comparison can be made regarding the modulation of the crit-
ical current with the applied magnetic flux. As discussed in Sec. 1.3.2, when βL,
βc � 1 the critical current of a SQUID modulates between 0 and Ic,max, where Ic,max
is given by two times the average critical current of the two junctions forming the
SQUID ring. The modulation depth ∆Ic/Ic,max reduces when the screening parame-
ter due to kinetic inductance is no longer negligible. By looking at Figure 1.5(b), we
see that βL ' 1 corresponds to ∆Ic/Ic,max ' 0.5, while for higher values of βL the
modulation depth decreases linearly with the screening parameter. The data showed
in Figure 1.5(b) can be numerically fitted to achieve an expression for βL as function
of ∆Ic/Ic,max. This fit assumes that the two SQUID junctions are perfectly symmetric
and the reduction of modulation depth is only due to the high kinetic inductance.
From the curves shown in Figure 2.14 we calculate the modulation depth and then
estimate the screening parameter. The values βL ' 2.8 for MoGe (Figure 2.14(c)),
βL ' 3.4 for Nb (Figure 2.14(d)), βL ' 1.6 for Pb (Figure 2.14(a)) and βL ' 0.85 for
Pb (Figure 2.14(b)) are found. Reminding that βL = 2LIc,max/2Φ0, the inductance
values L = 500 pH for MoGe (Figure 2.14(c)), L = 290 pH for Nb (Figure 2.14(d)),
L = 91 pH for Pb (Figure 2.14(a)) and L = 72 pH for Pb (Figure 2.14(b)) are achieved.
This inductance is mainly due to the kinetic contribution. In fact, the geometric in-
ductance is given by Lg = µ0d log(4d/r)/2 [89], where µ0 is the vacuum permeabil-
ity, d is the SOT diameter and r is the loop wire radius. For a SOT with diameter of
hundreds of nm and loop wire radius of 10 - 30 nm, values of Lg of 1 pH or smaller
are estimated.
From the reported data, we can conclude that Pb is characterized by a lower kinetic
inductance than MoGe and Nb; this mainly reflects on a wider range of working
points with high magnetic response function, and so on a better usability as the sen-
sor for magnetic imaging.

As a last consideration, it is sometimes convenient to relate the current flowing
through the SOT to the voltage drop across the SOT. Starting from the ISOT-Vbias
characteristic, by reminding Eq. 1.34, an expression for VSOT can be calculated as
follows:

VSOT = Vbias
Rs

Rbias
− ISOT(Rs + Rp) (2.2)

Using this equation for the case of the ∅180 nm Nb, Figure 2.14(d) transforms
into Figure 2.15, where VSOT is plotted as function of ISOT for four applied values of
B, corresponding to half of Bperiod. The superconducting state is described by a flow
of current with no voltage drop across the SOT. After the transition to the normal
state, VSOT discontinuously jumps to the value given by Eq. 2.2.
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FIGURE 2.15: ISOT as function of VSOT for a ∅180 nm Nb SOT, plotted for
four applied values of B, corresponding to half of Bperiod. It represents the
same I-V characteristic of Figure 2.14(d), with VSOT calculated by removing
the contribution from Vbias due to Rp by using Eq. 2.2. The superconducting
state shows the flow of current through the SOT with no voltage drop across

the device, until the normal state is reached.

2.4.2 Magnetic response function

After mapping the current ISOT flowing through the SOT as function of Vbias and B
and analyzing how the critical current scales with the magnetic field, it is required to
find the working points (Vbias, B) that maximize the magnetic sensitivity of the SOT.
This quantity, called magnetic response function, is defined as ∂ISOT/∂B and is given
by the derivative of the current with respect to the field. It quantifies the shift in
current when a tiny change in field is introduced. When using the SOT as a magnetic
scanning sensor, the response function is very important because it defines the shift
in ISOT based on the stray magnetic field coming from the investigated sample.

Figure 2.16 shows the magnetic response function for the two Pb tips, whose I-V
characteristics were presented in Figure 2.14(a,b). Figure 2.16(a,c) are related to the
∅188 nm SOT, while Figure 2.16(b,d) to the ∅256 nm SOT. The top part shows the
magnetic response functions, mapped as function of Vbias and B. The ∅188 nm SOT,
according to its smooth-transition I-V characteristic, presents wide (Vbias, B) regions
with good magnetic response. Contrary, the ∅256 nm SOT has highly sensitive, but
at the same time more localized, (Vbias, B) regions.
To quantify the magnetic response function, in the areas marked by the black stepped
line, linecuts of |∂ISOT/∂B| (B) at set values of Vbias are taken. As observed in the
map, the SOT with bigger diameter, higher critical current and sharper transition to
normal state offers three times more magnetic response (∼ 1800 µA/T vs 600 µA/T)
than the other SOT. This comes to the price that the bigger response is achieved on a
narrower B range (∼ 5 mT vs 10 mT).

One more point regards the choice of the Vbias region where to analyze the mag-
netic response. In both cases a Vbias value at which the SOT did not fully transition
to the normal state was set. This leads to a higher ∂ISOT/∂B compared to the one
found for Vbias values at which the SOT fully transitioned to the normal state. On
the other hand, the higher magnetic response leads to blind spots where the SOT is
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(d)

FIGURE 2.16: Magnetic response function and data analysis for two Pb
SOTs with diameters ∅188 nm (a,c) and ∅256 nm (b,d), whose I-V char-
acteristics was presented in Figure 2.14. (a,b) Magnetic response function
∂ISOT/∂B plotted as function of Vbias and B. The stepped line marks the re-
gion where linecuts of |∂ISOT/∂B| (B) are plotted for fixed values of Vbias
(c,d). Due to the bigger diameter and higher Ic, the ∅256 nm SOT has a mag-
netic response three times bigger than the one of the ∅188 nm SOT, but the
field range that offers this magnetic response is narrower. Contrary, the ∅188

nm SOT shows less magnetic response, but on a wider field range.

superconducting and the response is almost zero. This can be detrimental for certain
magnetic scanning experiments, where magnetic sensitivity at specific B is required.
For this reason, the working Vbias point can be tuned accordingly to the imposed
requirements.
The same study can be repeated for the ∅86 nm MoGe SOT, reported in Figure 2.17
and for the ∅180 nm Nb SOT, shown in Figure 2.18. In both cases the magnetic
response function is analyzed at low and high magnetic field.

The MoGe SOT shows a ∂ISOT/∂B considerably lower than the one offered by
Pb. The difference of more than one order of magnitude is partially justified by the
smaller diameter (86 nm vs 188 nm and 256 nm), but an important role is played
by the material. MoGe is characterized by low currents flowing through the SOT,
and this implies a worse magnetic response. On the other hand, the small diameter
leads to a low drop of performance with field. In fact, at 1 T, still the 60 - 80% of the
magnetic response is found. Unfortunately, it was not possible to characterize the
critical field of the sensor at 4.2 K, because of the upper limit of 1.2 T imposed by the
magnet power supply.
The ∅180 nm Nb SOT offers a good compromise between the Pb and MoGe proper-
ties. In fact, the magnetic response function is comparable to the one of the Pb SOT
with similar diameter with smooth-transition and low critical current, and absolute
values of ∂ISOT/∂B at zero field are as good as 600 µA/T. Similarly to MoGe, the
magnetic response is maintained up to high applied magnetic field. A drop appears
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(c)

FIGURE 2.17: Magnetic response function and data analysis for a MoGe,
∅86 nm SOT, whose I-V characteristic was presented in Figure 2.14(c). (a,b)
Magnetic response function ∂ISOT/∂B plotted as a function of Vbias and B, at
low field (a) and at 1 T (b). The stepped line marks the region where linecuts
of |∂ISOT/∂B| (B) are plotted for fixed values of Vbias (c,d). The response
drops from 40 - 50 µA/T at zero field to 25 - 30 µA/T at 1 T. The small drop
in performances with field is due to both small diameter and properties of

MoGe.

only above 0.7 T, and the critical field is measured around 0.9 T. Taking into account
the relatively big diameter, this result can be considered quite successful.

2.4.3 Noise measurement

The measurement of ISOT as function of Vbias and applied B spreads light on many
superconducting properties, such as modulation of the critical current and magnetic
response function. This characterization allows to understand if a SOT is sensitive
enough to be used for magnetic scanning, however it does not reveal which is the
ultimate magnetic field or flux that can be detected by the SQUID sensor. In order to
get this knowledge, the measurement of ISOT needs to be linked to the measurement
of the current noise S1/2

I .
The electronic circuit remains the one illustrated in Figure 2.11. The raw Vfb signal
measured by the Agilent Multimeter is splitted and sent to a Stanford SR770, which
is a single channel Spectrum Analyzer with a DC to 100 kHz bandwidth. The spec-
trum analyzer outputs the voltage noise associated to Vfb at a certain frequency of
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FIGURE 2.18: Magnetic response function and data analysis for a Nb, ∅180
nm SOT, whose I-V characteristic was presented in Figure 2.14(d). (a,b) Mag-
netic response function ∂ISOT/∂B plotted as function of Vbias and B, at low
field (a) and on a wide field range from 0 to 0.8 T (b). The stepped line marks
the region where linecuts of |∂ISOT/∂B| (B) are plotted for fixed values of
Vbias (c,d). The response drops from 600 µA/T at zero field to about 400
µA/T at 0.7 T. Above this field, a drop of the response is found. Considering
the not so small diameter of this SOT, the field working range at 4.2 K is quite

broad.

interest, expressed in µV/
√

Hz. Analogously to what explained in the previous sec-
tion, we convert Vfb and its spectral noise into ISOT and current noise.

Figure 2.19 reports the full noise characterization at 4.2 K for a∅180 nm sputtered
Nb SOT. In the measurement few Vbias points from 0.32 to 0.35 V are selected and B
is swopt from 0 to 80 mT while ISOT and its current noise at a frequency of 12 kHz
are acquired. The frequency value is chosen in such a way white noise dominates,
while 1/ f noise is negligible.
Figure 2.19(a) shows the measured current noise S1/2

I in units of pA/
√

Hz, for two
set Vbias points, plotted as function of applied B. The noise attests on values ranging
from 100 to 150 pA/

√
Hz. Figure 2.19(b) presents the calculated magnetic response

function ∂ISOT/∂B, whose values are consistent with the ones measured and shown
in Figure 2.18. The maximum absolute value is about 600 µA/

√
Hz.

Figure 2.19(c) illustrates the magnetic field noise and flux noise at 12 kHz, as function
of B. The magnetic field noise is given by the ratio of current noise and magnetic
response function, S1/2

B = S1/2
I /(∂ISOT/∂B) and is reported in units of nT/

√
Hz. The

flux noise is achieved by dividing the field noise by the SOT effective loop area,
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FIGURE 2.19: Noise characterization for a ∅180 nm Nb SOT at 4.2 K. (a)
Measured current noise at a frequency of 12 kHz, plotted as function of ap-
plied magnetic field for two values of Vbias. (b) Magnetic response function,
calculated from the measured ISOT(B) data. The values are consistent with
the ones measured and plotted in Figure 2.18. (c) Magnetic field (left y axis)
and flux (right y axis) noise at a frequency of 12 kHz, plotted as function of
applied magnetic field. Field noise is given by the ratio of current noise and
magnetic response function. Flux noise is derived by the field noise, by scal-
ing it with the effective area of the SOT and is reported in units of the flux
quantum Φ0. (d) Magnetic field noise spectral density, measured at two set
(Vbias, B) points, reported in logarithmic scale. Magnetic noise is dominated
by 1/ f noise at low frequencies and a white noise S1/2

B of 200 nT/
√

Hz is
reached at frequencies above 10 kHz.

S1/2
Φ = 4S1/2

B /πd2, and is reported in units of the flux quantum Φ0. Field noise is
depending on the SOT diameter: bigger loop area SQUIDs sense more magnetic
field and they will show a lower field noise. Flux noise is scaled accordingly to the
loop area, and so it represents a tool to compare the performance of SOTs having
different diameters. For this specific Nb SOT, a field noise of 200 nT/

√
Hz and a flux

noise of 2.5 µΦ0/
√

Hz are measured.
As a further measurement, a (Vbias, B) condition is set and the spectral density of S1/2

I
is recorded, from 0 to 100 kHz. By dividing the current noise spectral density by the
magnetic response at the chosen working point, the magnetic field noise spectral
density S1/2

B is found. Figure 2.19(d) shows the magnetic field noise spectral density
measured at two working points, (Vbias = 0.34 V, B = 13 mT) and (Vbias = 0.34 V, B = 61
mT), reported in logarithmic scale. The noise spikes at low frequencies are located at
multiple of 50 Hz. The spectrum is dominated by 1/ f noise at low frequencies and
by white noise S1/2

B under 400 nT/
√

Hz above a few hundreds Hz. Above 10 kHz,
the magnetic field noise reaches a base value below 200 nT/

√
Hz, corresponding to
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a magnetic flux noise of 2 µΦ0/
√

Hz. This magnetic sensitivity is about twice as
better than the one from ∅238 nm Nb SOT reported in [54], but still far from the
sensitivity offered by Pb SOTs. The same measurement, repeated at 0.5 T, leads to a
very mild drop of performance: in fact, S1/2

B = 250 nT/
√

Hz and S1/2
Φ = 3 µΦ0/

√
Hz

are measured.
The field and flux noise measured for this Nb SOT can be compared to the ones
achieved by the ∅86 nm MoGe SOT, whose magnetic response function was shown
in Figure 2.17. For this SOT, a magnetic field noise S1/2

B = 2 µT/
√

Hz and flux noise
S1/2

Φ = 5 µΦ0/
√

Hz were measured at low field, and a mild drop was observed up to
1 T.

2.5 Analysis on the materials

Through this section, an analysis of which material is chosen for fabricating SOT is
provided. This choice is influenced by the requirements imposed by each magnetic
scanning experiment. Typical constraints concern scanning resolution, operating
temperature and field, and magnetic field or flux noise. In the following, for each
of these quantities, a brief comparison between the materials will be discussed, with
pros and cons of MoGe, Nb and Pb.

• Magnetic scanning resolution. This is given by the interplay of SOT effective
diameter and probe to sample distance. Ideally, when the SOT is scanning at a
distance comparable or slightly smaller than the effective diameter, the spatial
resolution is set by the SOT diameter.
From a fabrication point of view, MoGe was found to be very reliable even
when the size gets shrinked. Sputtering Nb on tips with apex diameter of
50 nm or smaller is not straightforward and requires a good balance between
the thickness of both Nb and Ti bottom and top layers; fabrication yield im-
proves when the diameter becomes 100 nm or bigger. Evaporating Pb is the
most challenging SOT fabrication, since the film quality and Pb islands mobil-
ity and aggregation depend on the cooling efficiency.
Another point to consider is the degradation of the material when exposed to
air. Pb undergoes a fast oxidation phenomenon, which degrades its supercon-
ducting properties until the SOT is no longer working. A smaller diameter
SOT is prone to degrade faster. Due to this reason, Pb is a risky choice, as the
metarial degrades faster than Nb and MoGe. Nb is subjected to a surface oxi-
dation when exposed to air, but on a slower time scale compared to Pb. MoGe
is the most robust material and its properties were proved to be maintained
over long time scales and several thermal cycles.
For these reasons, if a SOT with effective ∅50 - 80 nm is required, the choice of
MoGe is made. For effective ∅100 nm or bigger, Nb represents a good choice.
When the size gets close to 200 nm, Pb becomes easier to operate.

• Temperature. The upper limit for the temperature working range is set by the
Tc of the material. On top of this, depositing material on the curved pipette
surface and the contamination of material due to poisoning from quartz and
oxygen lead to a decrease of the nominal critical temperature. Thin films of Pb
are the ones with the highest Tc, which attests on values close to 7 K. MoGe
was tested to provide working SOTs up to just above 5 K, while Nb was pre-
liminary measured up to 6 K. This is considerably lower than the Tc measured
for a planar 50 nm thick Nb film. Perhaps it is possible that the Tc value can be
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increased with optimizing Ti layers, Nb thickness and sputtering recipe.
For what concerns the lower temperature limit, MoGe can work well down in
the mK region and was tested in a 3He refrigerator down to 450 mK. The limit
for Nb is still unknown, since there was no chance to cool down a SOT below
4.2 K. As already mentioned, below 4.2 K Pb SOTs become very hysteretic due
to the increase of Ic and thermal instabilities. Only by suppressing its super-
conducting properties, for instance by applying a high magnetic field, Pb can
be suitable for magnetic scanning in mK region.

• Magnetic field. The critical field is a property of the material, and is influenced
by working temperature and SOT diameter. Smaller diameter SOTs and lower
temperatures increase the critical field. Nb SOTs with ∅<100 nm were not
fabricated yet, so it is hard to provide a comparison with Pb and MoGe sensors.
For the ∅180 nm Nb SOT, a Bc ∼ 0.9 T at 4.2 K was measured.
Typical Pb critical field for ∅<100 nm SOT is about 0.5 - 1 T at 4.2 K, which
becomes higher than 1 T in the mK region. According to [8], ∅65 nm Pb SOT
at 300 mK is reported to have a Bc > 2 T.
Among the materials tested here, MoGe is the one with the highest Bc. The
∅86 nm SOT was tested at 450 mK in a 3He refrigerator up to almost 3 T. At
this temperature, a ∅50 nm MoGe SOT could achieve a critical field about 4 T.

• Magnetic noise. A huge performance step in magnetic sensitivity is noticed
between MoGe and Pb. In fact, typical measured flux noise for our MoGe SOT
is on the order of several µΦ0/

√
Hz, while the best Pb SOTs report flux noise

of few tens of nΦ0/
√

Hz [8, 54]. Nb offers flux noise in between MoGe and Pb,
however the barrier of 1 µΦ0/

√
Hz from our Nb SOTs was not overcome yet.

Based on these numbers, we ideally set a threshold at stray magnetic fields
of about few µT. Stray fields above this value can in principle be investigated
by any of the superconducting materials described here, MoGe included. For
instance, features that produce such high stray magnetic fields are supercon-
ducting vortices in type II superconductors [89, 90], magnetic distributions in
artificial spin ices [92], magnetic distributions in ferromagnetic nanotubes [91].
For samples such as twisted bilayer graphene or other 2D materials, or 2D
electron gases, signals of fraction of µT or lower are expected. In this case, the
magnetic sensitivity of Pb sensors is required.

2.6 Integrating the SOT into a scanning probe setup

Scanning experiments are performed at cryogenic temperature, so the microscope is
placed inside a 3He or 4He cryostat. The whole cryostat is incorporated in an optical
table and hangs on three supports that can be lifted to isolate the system from low
frequency mechanical vibrations. In the lowest part of the cryostat, a superconduct-
ing magnet is able to produce a DC magnetic field up to ±6 T along z direction. The
scanning probe is enclosed in a stainless steel tube, where UHV is achieved.

The core of the probe is shown in Figure 2.20. The microscope structure hangs on
four, non-magnetic springs, which improve the vibration isolation and contribute to
reduce the scanning noise floor. Copper plates surround the central titanium frame,
while copper braids provide thermal coupling between bottom and top parts of the
probe. The titanium frame hosts the two key scanning elements, the SOT top stack
and the sample bottom stack. The SOT holder is screwed to the titanium top stage
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SOT

FIGURE 2.20: 3D rendering of the scanning probe. The titanium frame is
hanging on four springs, that damp low mechanical frequencies. Copper
braids are used to provide cooling power from the top to the bottom of the
frame. The top stack where the SOT is mounted is fixed, while the sample
is positioned on top of a piezoelectric x-y-z motor set. The set includes po-
sitioners and a 2D x-y scanner, with a range of 30 x 30 µm2 at 4.2 K. When
biased by a DC voltage, the z positioner allows for a fine extension with 2 µm

range.

and its position is fixed. The bottom stack, containing the sample under investiga-
tion, is mounted on top of a piezoelectric motor set. Positioners allow to move the
sample in x-y-z directions by several millimeters. When biased by a DC voltage, z
positioner provides a fine, very controlled extension, with a 2 µm range. Magnetic
scanning is guaranteed by a set of x-y scanners, with a 30 x 30 µm2 scanning range
at 4.2 K.
The SSAA is enclosed in a niobium cylinder, which shields the chip from the influ-
ence of external magnetic fields. This is in contact to the copper probe, to ensure
thermal coupling to 4.2 K. As a further magnetic isolation, the cylinder is placed
about 15 cm above the sample. The vertical separation allows to apply high mag-
netic fields to the sample and SOT, without interfering with the SSAA operation.

2.6.1 Coupling the SOT to a qPlus mechanical resonator

An upgrade to the SOT scanning probe discussed so far consists of coupling the tip
apex to a tuning fork mechanical resonator, analogously to what reported in similar
setups [5, 93]. As explained in the following, this coupling allows to have a feedback
on the probe to sample distance and to perform SOT magnetic scanning at a constant
distance of tens of nanometers.

Figure 2.21 reports a 3D rendering of the full sensor holder. The main titanium
body hosting the tip is the same showed in Figure 2.4. On top of this, a titanium
slider which can move in the direction orthogonal to the SOT length is added. A
commercial shear piezo (Thorlabs PL5FBP3) and a qPlus mechanical resonator are
glued on top of the slider. The main difference of the qPlus from conventional tuning
forks is that one prong is much wider than the second one and is fixed to the piezo
surface. Once the qPlus oscillation is driven, only the narrower prong produces vi-
brational modes.
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SOT bottom
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(c)

FIGURE 2.21: (a) 3D rendering of the SOT holder including a qPlus mechan-
ical resonator coupled to the SOT apex. The holder is the one described in
Figure 2.4. The qPlus is glued on top of a shear piezo, mounted on a titanium
slider, which allows to move the qPlus and couple it to the SOT body, close
to the apex. (b) optical microscope picture, reporting the very last part of the
capillary and the qPlus prong. The protruding part of the prong is about few
µm far from the SOT apex. (c) zoomed-in rendering of the coupling of the

SOT to the qPlus prong, at a distance of <100 µm from the tip apex.

The qPlus is coupled to the SOT apex using a custom-made manipulator stage. Fig-
ure 2.21(c) shows a zoomed-in rendering of the coupling, which takes place at about
100 µm or less from the tip end. An optical microscope picture of a sputtered Nb
SOT coupled to the qPlus prong is reported in Figure 2.21(b). The protruding part of
the qPlus prong is about few µm far from the SOT apex.
The oscillation is driven and measured by a Lock-In Amplifier. An AC voltage (in
the few mV range) drives the shear piezoelectric stack at the qPlus resonance fre-
quency (about 33 kHz). The qPlus narrow prong vibrates coherently with the shear
piezo, while the readout of oscillation amplitude and frequency is done capacitively
by two gold stripes on the qPlus prong. A current-voltage converter amplifies the
low current signal and then sends it to the input of a Lock-in Amplifier.
The qPlus is used to approach the sample towards the SOT. During this approach,
a phase-locked loop (PLL) control allows to monitor frequency and phase of the vi-
brational mode. When the SOT is far from the sample, the fundamental frequency
is constant and attests on a value which depends on the strength of the coupling be-
tween qPlus and capillary. Once the tip approaches closer than about 30 nm from the
sample surface, van der Waals force interactions provoke a drastic frequency shift,
which consequently gives rise to a phase shift. The PLL control allows to safely ap-
proach the SOT probe. After approaching as close as 20 nm, the tip is retracted until
a distance comparable to the SOT diameter is reached. Longer distances can be cho-
sen due to sample morphology or cleanliness. For more details about this technique,
as well as the use of the coupled SOT for AFM measurements, we refer to [95].
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Chapter 3

Results

This chapter focuses on the results of a magnetic scanning experiment on a bulk
crystal of Cu2OSeO3 (copper-oxo-selenite), achieved by using a sub-100 nm diame-
ter SOT made of MoGe.
The first section briefly introduces magnetic skyrmions and topological spin textures
and explains their characterization and their potential applications in the field of
spintronics. The second section focuses on the chiral magnet Cu2OSeO3. Its proper-
ties and the reason of interest for this material are summarized, followed by a report
of the first experiments at high temperature via LTEM and SANS. Moreover, the first
evidence of a low-temperature skyrmion phase via SANS will be discussed.
The third section shows the investigation of different magnetic phases in a bulk crys-
tal of Cu2OSeO3, under condition of zero-field cooling (ZFC). The sample prepara-
tion and cool down and the SOT characterization are reported and the followed
experimental method is explained. The main part presents the experimental re-
sults, with real-space images of helical phase, tilted conical phase and field polar-
ized phase. A discussion, even though not conclusive, is made about the possible
detection of single and aggregated skyrmions.
The last section shows the data analysis. This is focused on the modulation pitch
of the imaged periodic magnetic features, which allows to calculate the angle of the
tilted conical modulation with respect to the field axis.

3.1 Magnetic skyrmions

A magnetic skyrmion is a local whirl of the spin configuration in a magnetic mate-
rial and its existence was firstly introduced by Skyrme in the 1960s to account for the
stability of hadrons in particle particles [96].
As described in Figure 3.1, the spins inside a skyrmion progressively rotate with a
fixed chirality from the down direction at one edge to the up direction at the centre,
and then again to the down direction at the other edge. Many types of skyrmions
can be distinguished; among them, typical ones are Bloch-type and Néel-type, for
which different symmetries of the interaction between spins result in different direc-
tions of rotation [97].
From a topological point of view, a magnetic skyrmion is defined by an integer in-
variant, called topological charge, whose expression is given by [98]:

Q =
1

4π

∫
d2r
(
∂xn̂× ∂yn̂

)
· n̂ (3.1)

where n̂ = ~m/|~m| is a unit vector indicating the direction of the local magnetiza-
tion ~m. The topological charge describes how many times magnetic moments wrap
around a unit sphere subtended by n̂(~r). For Bloch and Néel skyrmions, the topo-
logical charge is Q = 1.
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Skyrmions are further distinguished by two quantities, called helicity and polarity.
Helicity defines the angle of the global rotation around the vertical axis: while for
Néel-type skyrmions is null, Bloch skyrmions possess a non zero value. Polarity de-
scribes whether the magnetization points up or down at the center of the skyrmion.
Both Bloch and Néel skyrmions have equal topological charge and polarity. One
type of magnetic texture, for which topological charge and polarity have opposite
values is called antiskyrmion (see Figure 3.1(c)).
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(a)

FIGURE 3.1: Rotation of the spins in: (a) Bloch-type skyrmion; (b) Néel-
type skyrmion; (c) antiskyrmion. In the Bloch-type, the magnetic moment
rotates in a plane perpendicular to a radial direction, while in the Néel-type
the moment rotates in a plane along a radial direction. Image adapted from

[98].

In the case of skyrmions, the normalized magnetization is quantized, in the sense
that it can be mapped on a unit sphere and covers the whole sphere (4π). This non-
trivial topology leads to important properties. In first place, the spin configuration
undergoes a topological protection, which means that the spins cannot be twisted in
such a way the topological charge modifies. Even more important, due to their size
on the nanoscale, skyrmions behave as particles, which can be moved, created and
annihilated. These properties make them suitable for applications in information
storage and logic technologies.

Initially, magnetic skyrmions of Bloch-type were identified in chiral B20 com-
pounds with a non-centrosymmetric lattice, such as MnSi [99] and Fe1−xCox [100].
Their observation was explained by the appearance of the Dzyaloshinskii-Moriya in-
teraction (DMI) [101, 102] induced by spin-orbit coupling. Sufficiently strong DMIs
can lead to the formation of isolated skyrmions or a skyrmion lattice.
In a non-centrosymmetric lattice, characterized by a lack of inversion symmetry,
spin-orbit coupling can induce an asymmetric exchange interaction, which takes the
form:

HDMI = ~D12 ·
(
~S1 × ~S2

)
(3.2)

where ~S1 and ~S2 describe neighbouring spins and ~D12 is the Dzyaloshinskii-
Moriya vector. The strength of the DMI is directly proportional to the intensity of
the spin-orbit interaction, which is expected to scale with the fourth power of the
atomic number.
In the case of thin magnetic films, magnetic skyrmions can be studied by starting
from the free energy written for a 2D ferromagnet below the Curie temperature [98]:

F =
∫

d2r
[

A (∂im̂)2 − Km2
z − Hmz + ~Dj ·

(
∂jm̂× m̂

)]
(3.3)

where summing over repeated index i,j = x,y is assumed and m̂ is a unit vec-
tor indicating the magnetization direction. In order, the first contribution in Eq. 3.3



3.1. Magnetic skyrmions 55

describes isotropic exchange, with exchange stiffness parameter A; the second term
expresses uniaxial anisotropy with strength K; the third contribution is the Zeeman
energy due to the external magnetic field; the last term refers to the DMI and is the
most important one for the formation of magnetic skyrmions.
By minimizing the free energy in Eq. 3.3, a phase diagram can be obtained, where
boundaries separate different magnetic phases, such as spiral phase, ferromagnetic
phase or hexagonal skyrmion lattice. The parameters A, K, H, D determine whether
a skyrmion phase is energetically favorable. In fact, a critical DMI strength can be
introduced, Dc = 4(AK1/2/π), close to which isolated skyrmions transition to a
skyrmion lattice. Moreover, the magnetic skyrmion size at D < Dc varies with the
strength of the DMI, as Rs ≈

√
ADc/2K(Dc − D).

The last part of the introduction concerns the applications of magnetic skyrmions.
Since their discovery, thanks to the topological protection and the potential to achieve
small size, magnetic skyrmions were proposed to be used in the field of communi-
cation and information storage. In fact, the skyrmion motion can be easily driven by
an electric current and the nonvolatility property reduces the heat generation and
standby energy consumption while processing and transporting the information.
To the aim of using magnetic skyrmions in electronic devices, a certain number of
key ingredients is required: writing, meaning the capability of nucleating individ-
ual skyrmions; processing or manipulating, which involves displacement, creation,
annihilation and excitation of skyrmions; reading, which consists in electrical de-
tection of individual skyrmions. All these elements were already demonstrated, at
least at low temperatures and for skyrmion lattices. The challenge is to succeed in
achieving all the ingredients at room temperature and for single skyrmions, using
electrical schemes to build compact, integrated devices. In the following some well
known systems will be mentioned, such as skyrmion racetrack memories, skyrmion
logic devices and skyrmion magnonic crystals. For further reading about this topic,
including schematic images of possible devices, we refer to [97, 103].
Skyrmion racetrack memories are considered as a promising technology for mass
storage applications, where data information is encoded in a magnetic track in the
form of a sequence of skyrmions. The concept is similar to the one based on domain
walls [104], even though skyrmions show some advantageous. In first place, by re-
ducing the track width, skyrmions size can be compressed, in such a way a high
information density is reached. For what concerns the skyrmion motion, this is in-
duced by spin transfer torque and it is expected to behave similarly in straight and
curved tracks, and with low energy consumption. Moreover, the skyrmion motion
along the track can be detected via tunnel magnetoresistance devices or topological
Hall effect. A further step in complexity is achieved by incorporating a gate in-
side the magnetic nanotrack [105]. By applying a gate voltage, the skyrmion motion
can be denied or allowed, leading to a prototype of spin-polarized current-driven
skyrmion transistor.
Skyrmion-based logic gates arise from the behavior of skyrmions as independent
particles. Starting from the demonstration that an individual skyrmion can be con-
verted into a domain walls pair and viceversa, a prototype of skyrmion-based logic
device was proposed, such as AND and OR gates, which allows to perform basic
Boolean logic computing operations [106]. The idea is to replace spin logic devices
by building a logical architecture that combines their same functionality with a high
level of integration.
Magnonic crystals are artificial magnetic media with properties characterized by pe-
riodic lateral variation, relying on magnons, which are the quanta of spin waves.
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Magnons can propagate in magnetic materials with wavelengths at the nanometer
scale and carry data information in terms of angular momentum [107]. For this
reason, magnonic crystal are proposed to be used as future nanometric size data
carriers, with the capability to process information with extremely low loss. In con-
ventional magnonic crystals, the periodic modulation of the magnetic properties in-
side the medium is achieved by lithographic processes. Analogous systems can be
realized, in which skyrmion lattices are used to modify the spin wave propagation
[108]. The advantage offered by skyrmions is to establish dynamical magnonic crys-
tals, where the periodicity of the lattice can be changed or removed and the skyrmion
size can be tuned by applying an external magnetic field. The dynamics takes place
on sub-nanosecond time scale, allowing for unique, fast switching functionality.

3.2 Chiral magnets and Cu2OSeO3

Here we focus on the properties of chiral magnets of the so called B20-type com-
pounds. Representatives of this category are transition metal monosilicides and
monogermanides, such as MnSi, Mn1−xCoxSi, Mn1−xFexSi, Fe1−xCoxSi, MnGe, FeGe
and the insulator Cu2OSeO3. All these compounds crystallize into the chiral cubic
lattice structure in the space group P213, with lack of inversion symmetry.
Despite identified by different electronic structure and different characteristic quan-
tities, such as magnetic modulation period, magnetic transition temperature and
transition field, the B20-type compounds all show a long-wavelength helimagnetic
order. This arises from a well separated energy hierarchy in the magnetic interac-
tions which lead to the formation of a skyrmion lattice [109, 110]. In order of de-
creasing magnitude, the three interactions are ferromagnetic exchange interaction,
DM interaction, and magnetocrystalline anisotropy. Exchange interaction, on the
strongest energy scale, favors a parallel spin alignment. Due to the lack of inversion
symmetry of the lattice structure, DM spin-orbit interaction arises and favors per-
pendicular spin alignment. Magnetocrystalline anisotropy is a higher order spin-
orbit coupling term and affects the direction of propagation of the helical modula-
tions.
The consequence of this hierarchy is that B20-type compounds share a common mag-
netic phase diagram, which is sketched in Figure 3.2(a), as function of normalized
magnetic field and temperature. At temperatures above the transition temperature
Tc, typically at few tens of K, the magnetic state is exchange enhanced paramagnetic.
When T < Tc, at zero magnetic field a long wavelength helical structure appears due
to the mentioned competition between exchange interaction and DM interaction.
This multidomain state consists of helices propagating in different directions along
one of the crystalline axes, where the helical propagation vector is set by weak cubic
magnetic anisotropies. The arrangement of spins in the helical state (image adapted
from [111]) is shown in Figure 3.2(b), where [001] and [111] are possible crystalline
axes along which the helical state is modulated.
When a magnetic field, bigger than the critical field Bc1, is applied, the helical state
transforms into the conical state. This means that, while twisting helically along the
field direction, the spins tilt towards the field direction. In this way, a spin dispo-
sition deformed like a cone is achieved, displayed in Figure 3.2(c) (image adapted
from [111]). When the applied magnetic field overcomes the transition field Bc2,
spins evolve into a field-polarized state, where they all align with the field direction.
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FIGURE 3.2: (a) Typical magnetic phase diagram of cubic chiral magnets, re-
ported as function of normalized temperature and magnetic field, where dif-
ferent phases can be distinguished. On the left, the schematic spin structures
of the helical (b) and conical state (c), adapted from [111]. (d) Representation
of skyrmion lattice, from [112], where spin whirls are arranged in a regular
lattice. The skyrmion lattice phase is found in a narrow T-B pocket close to

the critical temperature.

Special attention is reserved to the skyrmion lattice phase, sometimes also called
A-phase, which is localized in a small T-B phase pocket above Bc1 close to the tran-
sition temperature Tc. The size of the pocket is changing based on sample thick-
ness, with thin magnetic fields characterized by wider pockets and bulk materials
by smaller ones. In this phase, skyrmions are disposed in a regular hexagonal lat-
tice, as reported in Figure 3.2(d) (image from [112]), where the lattice constant is
depending on the material. The first experimental evidence of a skyrmion lattice
was reported in 2009 [99] in a bulk sample of MnSi, in the reciprocal space using the
SANS technique. The first real space observation of a skyrmion lattice was presented
in 2010, via LTEM on a thin film of Fe0.5Co0.5Si [100].

Cu2OSeO3 (copper-oxo-selenite) is the first insulating material that was proved
to host magnetic skyrmions [10]. Furthermore, skyrmions in this material were
demonstrated to exert a strong magnetoelectric effect, which means that they can
cause electric polarization and at the same time an electric field can modify their
magnetic order. Since the energy dissipation due to an applied electric field is negli-
gible in insulating materials, the possibility to manipulate skyrmions in Cu2OSeO3
by an external electric field without energy loss due to Joule heating has attracted
great interest in the last years.
Copper-oxo-selenite belongs to the space group P213, even though its crystalline
structure is more complex compared to the one of other B20-type transition metal
compounds. Its structure is reported in Figure 3.3(a). Cu2+ ions, with spin S = 1/2,
are located at two sites: three-quarters are surrounded by square pyramids of oxy-
gen ligands, visible as green balls and tetragons, while one-quarter are surrounded
by trigonal bipyramids, in blue color. As a result of ferromagnetic and antiferromag-
netic interactions, a three-up, one-down type of ferrimagnetic spin structure defines
the magnetic ground state below 60 K [10].
Cu2OSeO3 has a critical temperature Tc ' 58 K, below which a long period helical
order manifests as a balance between ferromagnetic exchange and DM interaction,
with a pitch of 60 - 70 nm. Below Tc, helices align parallel to the [100], [010], [001]
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crystallographic directions. When B is increased above Bc1, the anisotropy is over-
come by the applied field and helices get oriented along the direction of the field,
leading to the conical phase. For B > Bc2, the DM interaction and helical correla-
tions get suppressed and the field polarized state is achieved. A high temperature
skyrmion lattice phase is found in a narrow pocket close to Tc.
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(b)

FIGURE 3.3: (a) Cu2OSeO3 crystalline structure, from [10]. (b) Copper-
oxo-selenite phase diagram, measured via SANS by Chacon et al. [11],
where helical, conical, tilted conical, high-temperature skyrmion phase, low-
temperature skyrmion phase can be distinguished. The low-temperature
skyrmion phase is found under condition of zero field cooling, when a mag-

netic field is applied parallel to the [001] crystallographic direction.

The first experiments on this material were performed recently, in 2012, via LTEM
on thin samples [10] and via SANS on bulk crystals [113, 114]. The SANS studies fo-
cused on reconstructing the phase diagram, by identifying the helical and conical
phases and the high temperature skyrmion phase below Tc (called A-phase). LTEM
experiments require 100 nm thin films, for which the A-phase is extended to a much
wider T-B pocket. Other interesting studies by SANS are [115, 116], where the strong
magnetoelectric coupling is used to switch between topologically distinct phases
and induce rotation of the skyrmion lattice by an electric field. Another work [117]
combines SANS with magnetization measurements and observes a new high-field
multidomain magnetic state, stable over a broad temperature range, that intervenes
between the conical and field polarized state.
More recent experiments focused on investigating magnetic phases of Cu2OSeO3 at
low temperatures. A scanning probe experiment via MFM can be mentioned [118],
where the reorientation process between helical to conical phase at 10 K for mag-
netic fields parallel to the [110] direction is investigated. MFM allowed to obtain
real-space images of these phases close to Bc1 and observe the formation of domains
and relaxation events that accompany the reorientation process.
A key experiment is the one by Chacon et al. [11], performed via SANS, where a
second skyrmion phase in Cu2OSeO3 is identified, at low temperature, in presence
of an applied magnetic field. While the high temperature skyrmion phase is sta-
bilized by thermal fluctuations, the new skyrmion phase only manifests when the
external magnetic field is oriented parallel to the [001] crystallographic direction.
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The low-temperature skyrmion phase is proved to be highly hysteretic and thermo-
dynamically stable, at the interface between conical and field-polarized state, and
it is accompanied by a regime in which the conical modulation progressively tilts
away from the field direction. The SANS observations are presented together with
a theoretical analysis, that demonstrates that magnetocrystalline cubic anisotropies,
being nonlinear in the magnetization squared, can stabilize topologically non triv-
ial phases in presence of a magnetic field. The low-temperature skyrmion phase
was studied by following different temperature vs field protocols, such as zero-field
cooling/field heating, field cooling and high-field cooling/field heating. An exam-
ple is reported in Figure 3.3(b), for the case of zero-field cooling/field heating, which
is the same protocol that is used in the SOT scanning images shown in the follow-
ing section. We can distinguish the helical phase (in green color), the conical phase
(in white color), the tilted conical phase (in grey color) and the low temperature
skyrmion phase (in red color). The phase diagram highlights the requirements in or-
der to investigate skyrmions in Cu2OSeO3 using SSM. Under zero-field cooling the
temperature setpoint has to be below 30 K. For what concerns the applied magnetic
field, this is limited to a 20 mT range around a field of 80 mT. The skyrmion lattice
constant is expected to be about 60 - 70 nm, so a SOT with a diameter comparable or
smaller is required to have enough spatial resolution to resolve single skyrmions.

3.3 Investigation of magnetic phases

The aim of the experiment is to provide real-space images of different magnetic
phases in a bulk crystal of Cu2OSeO3. The SOT technique allows to investigate the
magnetic behavior of the bulk sample and eventual contributions from the surface
at temperatures up to 5 - 6 K and in presence of external magnetic field, with low
invasiveness for the crystal. The spin confguration is investigated by measuring the
DC stray magnetic field component projected along the z axis.
By referring to the phase diagram presented in Figure 3.3, close to zero temperature
we can distinguish different magnetic phases: in order from lower applied mag-
netic field, helical phase, conical and tilted conical phase, low-temperature skyrmion
phase, and field-polarized state. Understanding how the bulk crystal switches from
one phase to the other and imaging the evolution of the spin configurations in real-
space are new contributions that add to the wide investigation performed on this
chiral magnet in the last 10 years.
Ultimately, the most challenging goal is to look for the low-temperature skyrmion
phase, located in a narrow pocket close to the transition between tilted conical phase
and field polarized state. Studying the formation of skyrmions and the way single
skyrmions aggregate in clusters or in a ordered lattice would be a result of extremely
high impact.

3.3.1 Experimental method

Here, divided in different topics, a guide of the experiment is provided, with in-
formations about the 3He cryostat, crystal growth and preparation of the sample,
sample cool down, SOT characterization and magnetic field vs temperature proto-
col followed in the experiment will be provided.
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The cryostat used in the experiment is a 3He type. The core of the scanning
probe setup is the same described in Sec. 2.6 and Figure 2.20. The 3He cryostat, pro-
duced by Janis Research Company, differs from the more standard, 4.2 K, cryostats
by including a 4He bath, in which a inner vacuum chamber (IVC) is placed. The
IVC encloses the UHV sample chamber and the SSAA. This vacuum shell allows to
thermally decouple sample chamber and 4He bath and affords to regulate the tem-
perature at the sample stage independently of the 4He bath. In order to cool down
the sample below 4.2 K, two sources of cooling power are used, a 1 K pot and a 3He
line. The 1 K pot is a separated reservoir of 4He placed inside the IVC, which is kept
at low pressure by pumping 4He from the main bath. The pumping process cools
the 4He down to a temperature of 1 K. This stage provides cooling power to both
sample chamber and 3He line. The final cooling power is provided by a 3He line,
where the gas is pumped in a closed loop through a cold trap (for cleaning the gas
from impurities) and it condenses on the cold surfaces of the thin-walled pumping
tube (called impedance coil) leading to the 3He pot. This pot, collecting liquid 3He,
is the coldest stage of the cryostat and usually reaches a temperature of about 300
mK. The sample stage, slightly warmer, gets to about 400 mK. The thermal decou-
pling between 4He bath and UHV chamber allows to use heaters controlled via PID
loop to stabilize the sample and SOT over a wide temperature range, between 400
mK and few tens of K, in short time. The IVC is surrounded by a superconducting
magnet (Cryomagnetics), made of a NbTi/Cu coil cooled down to 4.2 K. The magnet
allows to apply an external magnetic field up to 6 T along the z direction.
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FIGURE 3.4: Optical microscope picture of a bulk crystal of Cu2OSeO3,
grown by chemical vapor deposition in the Crystal Growth Facility at EPFL.
The crystal has lateral dimensions of 2.4 mm × 1.9 mm, and a thickness of
1.1 mm and is glued on top of a copper sample holder. The crystallographic
directions are [100], [010], [001]. After the growth, the top surface is polished

for SPM experiments.

The investigated sample is a bulk single crystal of Cu2OSeO3, grown by chemi-
cal vapor deposition. The growth was performed in the Crystal Growth Facility at
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EPFL, led by Dr. Arnaud Magrez, by our collaborators in the network ”Nanoskyrmion-
ics”1. The crystal, whose optical microscope image is reported in Figure 3.4, has
in-plane dimensions of 2.4 mm × 1.9 mm and thickness of 1.1 mm. The crystallo-
graphic directions are [100], [010], [001]. After the growth, the surface was polished,
in order to minimize the roughness and be suitable for a SPM experiment with less
risk of damaging the sensor while approaching the surface. The crystal was glued
with conductive silver paint on a flat, copper sample holder. The copper holder
maximizes the thermal coupling between the titanium probe frame and the crystal.

The cooling process from room temperature down to 400 mK is about two days
long. The SOT, mechanically coupled to the qPlus resonator, is optically aligned
above the sample at a distance of few tens of micrometers. This is a safety proce-
dure, to avoid potential damages to the sample, due to thermal contractions dur-
ing the cool down or mechanical bumps while closing the cryostat dewar. The first
part of the cool down consists in pumping both UHV chamber and IVC, while the
3He gas circulation at room temperature is tested. When a vacuum of 10−6 mbar
is reached, the outer dewar is closed and the main bath is filled by liquid nitrogen.
This is a fast, not expensive way to cool the main bath, IVC and UHV space down
to a temperature of 80 K. At this stage, liquid nitrogen is pushed out by using 4He
gas and the main bath is filled by liquid 4He. To the aim of having a better thermal
coupling between main bath and UHV chamber, the IVC is filled by 4He gas at low
pressure (few mbar at 80 K). As a result, in a couple hours, the temperature drops
from 80 K to about 20 K. At this point, exchange gas is pumped out and the cooling
power from the 1K pot and 3He is used to drop the temperature to the mK regime.

Once temperature stabilizes at 400 mK, the SOT is characterized, in the way
shown in Sec 2.4, by using the setup described in Sec. 2.3. For this experiment,
a MoGe SOT was chosen. There are two reasons behind this choice. In first place,
Cu2OSeO3 is characterized by a helical order with a pitch of 60 - 70 nm, so a small di-
ameter SOT is required. MoGe proved to be extremely reliable for fabricating SOT,
even when the diameter is reduced. The drawback is that MoGe offers the low-
est magnetic response among the three materials tested so far; however, magnetic
phases in crystals such as Cu2OSeO3 are expected to produce rather high DC stray
fields of 100 µT or higher, comparable to stray fields from superconducting vortices
[90] or spin ice samples [92]. A initial characterization reveals that the MoGe SOT
has a period in the interference pattern of 290 mT, corresponding to a effective di-
ameter of 95 nm; a minimum of the interference pattern is located around 48 mT,
which determines a lack of sensitivity in the range of applied field from 40 mT to 55
mT. The diameter is slightly bigger than the helimagnetic wavelength, which might
not allow to achieve the fully resolve certain features, such as the ordered skyrmion
lattice. However, it should be small enough to detect a modulation of the stray field
in case the SOT is approached close to the crystal surface.
The initial characterization is useful to find the temperature at which the magnetic
response is maximized. In fact, after being fabricated, the SOT are tested at 4.2 K,
and properties drastically change when cooling the temperature down to 400 mK.
The critical current increases and, depending on the combination of Ic and RSOT, the
I-V characteristic becomes hysteretic and the transition of the SOT to the normal
state gets sharp. This reduces the range of (Vbias,Ba) points where the SOT can be

1Interdisciplinary Sinergia project 171003 funded by the Swiss National Science Foundation (2017 -
2022), led by Prof. Dirk Grundler, EPFL. More informations about the network and publications can
be found at https://www.epfl.ch/labs/lmgn/skyrmions/
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locked to perform magnetic scanning. For this reason, the target temperature is the
lowest one at which the I-V characteristic is not hysteretic. For the 95 nm diameter
SOT used in the Cu2OSeO3 experiment, this temperature corresponds to 1.8 K.

The experiment requires to follow a temperature vs applied magnetic field pro-
tocol. As described in the work by Chacon et al. [11], the magnetic phases in
Cu2OSeO3 are observed to be highly hysteretic, in such a way transitions of spin
configurations from one phase to the other happen at unconsistent magnetic fields if
Ba is ramped up and down. To avoid the crystal building a memory of the magnetic
field history, a strict temperature vs magnetic field protocol must be followed. By
referring to [11], we choose to perform ZFC, whose corresponding phase diagram is
shown in Figure 3.3. An initial ramping of the magnetic field is required to charac-
terize the SOT properties. After achieving this information, the magnetic memory
of the crystal is erased, by heating the UHV chamber up to 65 K and then cooling it
down to 1.8 K.
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FIGURE 3.5: A B-V characterization for the MoGe SOT used in the
Cu2OSeO3 investigation. The characterization is done by biasing the SOT
with a fixed Ibias and recording Vfb output by the SSAA in a small range of
applied field Ba. The first derivative of the curve corresponds to the SOT

magnetic response.

After the second ZFC, the magnetic field is ramped only upwards. Before every
scan, the value of Vbias is set accordingly to the initial I-V data, and then a B-V char-
acterization is measured. This consists in setting a fixed value of Vbias and switching
Ba in a small range, while the feedback voltage output by the SSAA is recorded. Typ-
ically, Vfb is filtered by a Stanford Research systems SR560 low-noise pre-amplifier,
which has a tunable cutoff frequency. The field range of the B-V measurement is
chosen in such a way a magnetic scan is performed at the final magnetic field value.
This characterization is shown in Figure 3.5, for the magnetic field range from 67 mT
to 70 mT. The derivative of Vfb with respect to Ba, ∂Vfb/∂Ba, calibrates the magnetic
response function. In this specific magnetic scan, the magnetic response function is
about 7 mV/mT. When scanning over the crystal at a specific magnetic field, a 2D
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map of Vfb data is recorded by a lock-in amplifier, and the magnetic response func-
tion is used to convert the voltage data into stray magnetic field data.

The last point regards the method used to approach the SOT sensor close to the
crystal surface. In the 3He cryostat, the sample holder is mounted on top of a set
of x-y-z nanopositioners (Attocube ANPx311 model), which have a titanium body
and offer a 6 mm travel range and the capability to hold a load up to 2 Kg. The z
positioner also works as a scanner, with a travel extension of 2 µm and a sub-nm
precision. In the x-y plane, the fine movement is performed via a set of scanners
(Attocube ANSxy100), which give a 30 × 30 µm2 scanning window and a sub-nm
precision.
In Sec. 2.6.1 a technique to approach the crystal surface mechanically was discussed,
based on coupling a qPlus tuning fork close to the SOT apex. Unfortunately, due to
technical issues related to the shear piezo driving the qPlus oscillations below 4.2 K,
in the Cu2OSeO3 experiment we could not take advantage of the coupling between
SOT and qPlus. Therefore, the approach was done by measuring the DC Vfb signal,
while slowly moving the crystal towards the SOT. The z scanner is extended, at a
speed of about 10 - 20 nm/s, while the DC voltage output by the SSAA is recorded by
a lock-in amplifier. At the end of the 2 µm extension, the scanner is retracted and the
z nanopositioner is used to step the crystal towards the SOT. The number of steps is
chosen is such a way the movement covers about 60 - 80 % of the scanner extension.
This process is reiterated until the crystal to SOT distance gets less than 2 µm. In this
case, while extending the z scanner, a rapid increase of the DC Vfb signal is measured,
corresponding to the stray field of the sample under investigation. The crystal is
retracted, and a new extension procedure is repeated, to verify that the increase of
the signal is consistent. The final part of the approach consists in manually extending
the z scanner by few nanometers at the time and scanning over the crystal surface,
until magnetic features appear and a good spatial resolution is obtained.
Due to the absence of the qPlus, it is hard to precisely measure the crystal to sensor
scanning distance. We estimate a distance in between 100 nm and 200 nm, based
on the fact that the DC stray field was considerably changing when approaching the
sensor by 5 - 10 nm. A limitation for the closest achievable distance is given by the
intensity of the signal. When approaching the SOT too close to the crystal surface,
the signal saturates, due to the fact that the sample stray field changes the working
point of the SOT into a condition where the SOT has less or even zero magnetic
response. For this reason, the scanning distance is chosen as the closest one at which
this phenomenon does not take place.

3.3.2 Scanning results

After ZFC to 1.8 K, Cu2OSeO3 is in the helical magnetic phase. By referring to the
sketch shown in Figure 3.2, the helical phase corresponds to a configuration where
spins rotate around the q vector, which due to the cubic symmetry of the crystal is
oriented parallel to the [100], [010], [001] directions. The first two are in-plane direc-
tions, while the third one is along the z axis.
The DC stray magnetic field sensed by the SOT is the projection Bz of the stray field
along the z axis. This means that the spins rotating around q ‖ [001] only have in-
plane component and give a zero contribution to Bz. On the other hand, the spins
rotating around q ‖ [100] and q ‖ [010] both give a nonzero contribution. If consid-
ering a perfect crystal surface, with no defects that could act as pinning points and
alter the spin configuration, the expected Bz signal is the sum of the stray fields from
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the helices rotating around [100] and [010] orientations. When taking into account
a realistic surface, with defects, the helical phase projected along z should provide
a kind of magnetic background, with regions of positive and negative Bz, without
well defined features.
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<latexit sha1_base64="tAGdU1BecgOqZLUz1gv9/efGhB8=">AAAB83icbVDLSsNAFJ3UV42PVl26GSyCbkoiRd1ZEMFlC/YBbSiT6W0dOpmEmRuhlH6BW125E7d+gV/iwg/wL0zSLrT1rA7n3Ms99/iRFAYd59PKrayurW/kN+2t7Z3dQnFvv2nCWHNo8FCGuu0zA1IoaKBACe1IAwt8CS1/dJ36rQfQRoTqDscReAEbKjEQnGEi1ce9YskpOxnoMnHnpFQtfF+d2h83tV7xq9sPeRyAQi6ZMR3XidCbMI2CS5ja3dhAxPiIDaGTUMUCMN4kCzqlx7FhGNIINBWSZiL83piwwJhx4CeTAcN7s+il4n9eJ8bBpTcRKooRFE8PoZCQHTJci6QBoH2hAZGlyYEKRTnTDBG0oIzzRIyTSuykD3fx+2XSPCu75+VKPSmmQmbIk0NyRE6ISy5IldySGmkQToA8kifybMXWi/Vqvc1Gc9Z854D8gfX+Azh5lCM=</latexit>y <latexit sha1_base64="tAGdU1BecgOqZLUz1gv9/efGhB8=">AAAB83icbVDLSsNAFJ3UV42PVl26GSyCbkoiRd1ZEMFlC/YBbSiT6W0dOpmEmRuhlH6BW125E7d+gV/iwg/wL0zSLrT1rA7n3Ms99/iRFAYd59PKrayurW/kN+2t7Z3dQnFvv2nCWHNo8FCGuu0zA1IoaKBACe1IAwt8CS1/dJ36rQfQRoTqDscReAEbKjEQnGEi1ce9YskpOxnoMnHnpFQtfF+d2h83tV7xq9sPeRyAQi6ZMR3XidCbMI2CS5ja3dhAxPiIDaGTUMUCMN4kCzqlx7FhGNIINBWSZiL83piwwJhx4CeTAcN7s+il4n9eJ8bBpTcRKooRFE8PoZCQHTJci6QBoH2hAZGlyYEKRTnTDBG0oIzzRIyTSuykD3fx+2XSPCu75+VKPSmmQmbIk0NyRE6ISy5IldySGmkQToA8kifybMXWi/Vqvc1Gc9Z854D8gfX+Azh5lCM=</latexit>y

<latexit sha1_base64="+aix0IAG3RsoJGoz8mTazlnA5tE=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEysyK4haieJjSUk8kiAkNnhghNmZzczd4xkwxfYaqF2xtYP8FMs/Bd3FwpFT3Vyzr255x4/ksKg6346uaXlldW1/HphY3Nre6e4u9c0odUcGjyUoW77zIAUChooUEI70sACX0LLH1+mfusWtBGhusZJBL2AjZQYCs4wkep3/WLJLbsZ6F/izUnp4uMpxXOtX/zqDkJuA1DIJTOm47kR9mKmUXAJ00LXGogYH7MRdBKqWACmF2dBp/TIGoYhjUBTIWkmws+NmAXGTAI/mQwY3phFLxX/8zoWh+e9WKjIIiieHkIhITtkuBZJA0AHQgMiS5MDFYpyphkiaEEZ54lok0oKSR/e4vd/SfOk7J2WK3W3VK2QGfLkgBySY+KRM1IlV6RGGoQTIPfkgTw61nlxXp232WjOme/sk19w3r8B2AGWBw==</latexit>x

<latexit sha1_base64="+aix0IAG3RsoJGoz8mTazlnA5tE=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEysyK4haieJjSUk8kiAkNnhghNmZzczd4xkwxfYaqF2xtYP8FMs/Bd3FwpFT3Vyzr255x4/ksKg6346uaXlldW1/HphY3Nre6e4u9c0odUcGjyUoW77zIAUChooUEI70sACX0LLH1+mfusWtBGhusZJBL2AjZQYCs4wkep3/WLJLbsZ6F/izUnp4uMpxXOtX/zqDkJuA1DIJTOm47kR9mKmUXAJ00LXGogYH7MRdBKqWACmF2dBp/TIGoYhjUBTIWkmws+NmAXGTAI/mQwY3phFLxX/8zoWh+e9WKjIIiieHkIhITtkuBZJA0AHQgMiS5MDFYpyphkiaEEZ54lok0oKSR/e4vd/SfOk7J2WK3W3VK2QGfLkgBySY+KRM1IlV6RGGoQTIPfkgTw61nlxXp232WjOme/sk19w3r8B2AGWBw==</latexit>x <latexit sha1_base64="+aix0IAG3RsoJGoz8mTazlnA5tE=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEysyK4haieJjSUk8kiAkNnhghNmZzczd4xkwxfYaqF2xtYP8FMs/Bd3FwpFT3Vyzr255x4/ksKg6346uaXlldW1/HphY3Nre6e4u9c0odUcGjyUoW77zIAUChooUEI70sACX0LLH1+mfusWtBGhusZJBL2AjZQYCs4wkep3/WLJLbsZ6F/izUnp4uMpxXOtX/zqDkJuA1DIJTOm47kR9mKmUXAJ00LXGogYH7MRdBKqWACmF2dBp/TIGoYhjUBTIWkmws+NmAXGTAI/mQwY3phFLxX/8zoWh+e9WKjIIiieHkIhITtkuBZJA0AHQgMiS5MDFYpyphkiaEEZ54lok0oKSR/e4vd/SfOk7J2WK3W3VK2QGfLkgBySY+KRM1IlV6RGGoQTIPfkgTw61nlxXp232WjOme/sk19w3r8B2AGWBw==</latexit>x

<latexit sha1_base64="tAGdU1BecgOqZLUz1gv9/efGhB8=">AAAB83icbVDLSsNAFJ3UV42PVl26GSyCbkoiRd1ZEMFlC/YBbSiT6W0dOpmEmRuhlH6BW125E7d+gV/iwg/wL0zSLrT1rA7n3Ms99/iRFAYd59PKrayurW/kN+2t7Z3dQnFvv2nCWHNo8FCGuu0zA1IoaKBACe1IAwt8CS1/dJ36rQfQRoTqDscReAEbKjEQnGEi1ce9YskpOxnoMnHnpFQtfF+d2h83tV7xq9sPeRyAQi6ZMR3XidCbMI2CS5ja3dhAxPiIDaGTUMUCMN4kCzqlx7FhGNIINBWSZiL83piwwJhx4CeTAcN7s+il4n9eJ8bBpTcRKooRFE8PoZCQHTJci6QBoH2hAZGlyYEKRTnTDBG0oIzzRIyTSuykD3fx+2XSPCu75+VKPSmmQmbIk0NyRE6ISy5IldySGmkQToA8kifybMXWi/Vqvc1Gc9Z854D8gfX+Azh5lCM=</latexit>y <latexit sha1_base64="tAGdU1BecgOqZLUz1gv9/efGhB8=">AAAB83icbVDLSsNAFJ3UV42PVl26GSyCbkoiRd1ZEMFlC/YBbSiT6W0dOpmEmRuhlH6BW125E7d+gV/iwg/wL0zSLrT1rA7n3Ms99/iRFAYd59PKrayurW/kN+2t7Z3dQnFvv2nCWHNo8FCGuu0zA1IoaKBACe1IAwt8CS1/dJ36rQfQRoTqDscReAEbKjEQnGEi1ce9YskpOxnoMnHnpFQtfF+d2h83tV7xq9sPeRyAQi6ZMR3XidCbMI2CS5ja3dhAxPiIDaGTUMUCMN4kCzqlx7FhGNIINBWSZiL83piwwJhx4CeTAcN7s+il4n9eJ8bBpTcRKooRFE8PoZCQHTJci6QBoH2hAZGlyYEKRTnTDBG0oIzzRIyTSuykD3fx+2XSPCu75+VKPSmmQmbIk0NyRE6ISy5IldySGmkQToA8kifybMXWi/Vqvc1Gc9Z854D8gfX+Azh5lCM=</latexit>y

<latexit sha1_base64="T69Em2kxvE+IHtNIUpXXGp9Q02M=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrKj8Cgj0VAGiTykxIrOl004cne27tZIwco/0EJFh2j5Gwr+Bce4gISpRjO72tkJIiksuu6nU1hZXVvfKG6WtrZ3dvfK+wdtG8aGQ4uHMjTdgFmQQkMLBUroRgaYCiR0gsnV3O88gLEi1Lc4jcBXbKzFSHCGqdQ+c12q1aBccatuBrpMvJxUSI7moPzVH4Y8VqCRS2Ztz3Mj9BNmUHAJs1I/thAxPmFj6KVUMwXWT7K0M3oSW4YhjcBQIWkmwu+NhClrpypIJxXDO7vozcX/vF6Mo0s/ETqKETSfH0IhITtkuRFpDUCHwgAimycHKjTlzDBEMIIyzlMxTnsppX14i98vk3at6p1X6ze1SqOeN1MkR+SYnBKPXJAGuSZN0iKc3JMn8kxenEfn1Xlz3n9GC06+c0j+wPn4BvTtksQ=</latexit>

500 nm

3.0 mV

−6.5

−4.0

−3.0

−2.0

−1.0

0.0

1.0

2.0

<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="ObY/uHjxbWfZm/uI2fmi9+oSgsg=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrITBJQRNJRBIiFSYkXnyyY55Xy27taIyMov0EJFh2j5HQr+Bdu4gISpRjO72tnxIykMOs6nVVpZXVvfKG9WtrZ3dveq+wcdE8aaQ5uHMtRdnxmQQkEbBUroRhpY4Eu496fXmX//ANqIUN3hLAIvYGMlRoIzzCTHbjQG1ZpjOznoMnELUiMFWoPqV38Y8jgAhVwyY3quE6GXMI2CS5hX+rGBiPEpG0MvpYoFYLwkzzqnJ7FhGNIINBWS5iL83khYYMws8NPJgOHELHqZ+J/Xi3F06SVCRTGC4tkhFBLyQ4ZrkZYAdCg0ILIsOVChKGeaIYIWlHGeinHaSiXtw138fpl06rZ7bp/d1mvNq6KZMjkix+SUuOSCNMkNaZE24WRCnsgzebEerVfrzXr/GS1Zxc4h+QPr4xtvTJHy</latexit>

0.33

<latexit sha1_base64="JMybwfGdEbFqk9cnryAw2i5W1aI=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJhshOEFBG0FAGCSeREis6XzbhlPPZulsjRVa+gRYqOkTL51DwL9jGBSRMNZrZ1c6OH0lh0LY/rdLK6tr6RnmzsrW9s7tX3T/omDDWHFweylD3fGZACgUuCpTQizSwwJfQ9ac3md99BG1EqO5xFoEXsIkSY8EZppJ7ZtebzWG1ZtftHHSZOAWpkQLtYfVrMAp5HIBCLpkxfceO0EuYRsElzCuD2EDE+JRNoJ9SxQIwXpKHndOT2DAMaQSaCklzEX5vJCwwZhb46WTA8MEsepn4n9ePcXzlJUJFMYLi2SEUEvJDhmuRtgB0JDQgsiw5UKEoZ5ohghaUcZ6KcVpLJe3DWfx+mXQadeeifn7XqLWui2bK5Igck1PikEvSIrekTVzCiSBP5Jm8WDPr1Xqz3n9GS1axc0j+wPr4BtsYkik=</latexit>

-0.33

−1.50 mV

−3.89
−3.50

−3.00

−2.50

−2.00

<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="EKE66LL8oPeR6Cm4PBPr4jIKHn0=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRWbaFgDKChjJI5CElVnS+bJJTzmfrbo2IrPwCLVR0iJbfoeBfsI0LSJhqNLOrnZ0glsKg43xaK6tr6xubla3q9s7u3n7t4LBtokRzaPFIRrobMANSKGihQAndWAMLAwmdYHqT+50H0EZE6h5nMfghGysxEpxhLjm25w1qdcd2CtBl4pakTko0B7Wv/jDiSQgKuWTG9FwnRj9lGgWXMK/2EwMx41M2hl5GFQvB+GmRdU5PE8MwojFoKiQtRPi9kbLQmFkYZJMhw4lZ9HLxP6+X4OjKT4WKEwTF80MoJBSHDNciKwHoUGhAZHlyoEJRzjRDBC0o4zwTk6yVataHu/j9Mml7tnthn9959cZ12UyFHJMTckZcckka5JY0SYtwMiFP5Jm8WI/Wq/Vmvf+MrljlzhH5A+vjG2wtkfA=</latexit>

0.22

<latexit sha1_base64="5Slcf8G7WYjsHBpmsgzvwKuFnmk=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJBsuOEFBG0FAGCSeREis6XzbhlPPZulsjRVa+gRYqOkTL51DwL9jGBSRMNZrZ1c5OEEth0HE+rcrK6tr6RnWztrW9s7tX3z/omCjRHDweyUj3AmZACgUeCpTQizWwMJDQDaY3ud99BG1EpO5xFoMfsokSY8EZZpJ35tjN5rDecGynAF0mbkkapER7WP8ajCKehKCQS2ZM33Vi9FOmUXAJ89ogMRAzPmUT6GdUsRCMnxZh5/QkMQwjGoOmQtJChN8bKQuNmYVBNhkyfDCLXi7+5/UTHF/5qVBxgqB4fgiFhOKQ4VpkLQAdCQ2ILE8OVCjKmWaIoAVlnGdiktVSy/pwF79fJp2m7V7Y53fNRuu6bKZKjsgxOSUuuSQtckvaxCOcCPJEnsmLNbNerTfr/We0YpU7h+QPrI9v1/mSJw==</latexit>

-0.22

2.00 mV

−0.57

0.00

0.50

1.00

1.50
<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B

z
(m

T
)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="MxTpo91wXgKyI0vwwSZrrdXLZek=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESHRYNkBAWUEDWWQcBIpsaLzZRNOOZ+tuzVSZOUbaKGiQ7R8DgX/gm1cQMJUo5ld7ewEsRQGHefTWlpeWV1br2xUN7e2d3Zre/ttEyWag8cjGeluwAxIocBDgRK6sQYWBhI6weQm9zuPoI2I1D1OY/BDNlZiJDjDTPJOHfusMajVHdspQBeJW5I6KdEa1L76w4gnISjkkhnTc50Y/ZRpFFzCrNpPDMSMT9gYehlVLATjp0XYGT1ODMOIxqCpkLQQ4fdGykJjpmGQTYYMH8y8l4v/eb0ER1d+KlScICieH0IhoThkuBZZC0CHQgMiy5MDFYpyphkiaEEZ55mYZLVUsz7c+e8XSbthuxf2+V2j3rwum6mQQ3JETohLLkmT3JIW8QgngjyRZ/JiTa1X6816/xldssqdA/IH1sc32YmSKA==</latexit>

-0.32

<latexit sha1_base64="AiGrMul0dVD50crKsPZIBqzVRmM=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrIDAsoIGsogkYeUWNH5sklOOZ+tuzUisvILtFDRIVp+h4J/wTYuIGGq0cyudnb8SAqDjvNplVZW19Y3ypuVre2d3b3q/kHbhLHm0OKhDHXXZwakUNBCgRK6kQYW+BI6/vQm8zsPoI0I1T3OIvACNlZiJDjDTHLss/qgWnNsJwddJm5BaqRAc1D96g9DHgegkEtmTM91IvQSplFwCfNKPzYQMT5lY+ilVLEAjJfkWef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMJyYRS8T//N6MY6uvESoKEZQPDuEQkJ+yHAt0hKADoUGRJYlByoU5UwzRNCCMs5TMU5bqaR9uIvfL5N23XYv7PO7eq1xXTRTJkfkmJwSl1ySBrklTdIinEzIE3kmL9aj9Wq9We8/oyWr2Dkkf2B9fANtvZHx</latexit>

0.32

<latexit sha1_base64="K4d+ZxlcGs2Q+hy0BTXDgFaVWEk=">AAACG3icbVC7TsNAEDzzJrwClDQnEgQFiuwQHiWChhKkJCDFVrQ+NuGU80N3awQy+QQ+ga+ghYoO0VJQ8C84JgUEppqd2dXujh8raci2P6yx8YnJqemZ2cLc/MLiUnF5pWmiRAtsiEhF+sIHg0qG2CBJCi9ijRD4Cs/93vHAP79GbWQU1uk2Ri+Abig7UgBlUru4WT5qu4Q3lELf5e6dy1u27XjbLt/ZzercCer9crtYsit2Dv6XOENSYkOctouf7mUkkgBDEgqMaTl2TF4KmqRQ2C+4icEYRA+62MpoCAEaL80f6vONxABFPEbNpeK5iD8nUgiMuQ38rDMAujKj3kD8z2sl1DnwUhnGCWEoBotIKswXGaFllhTyS6mRCAaXI5chF6CBCLXkIEQmJll0hSwPZ/T7v6RZrTh7ldpZtXRYGyYzw9bYOttiDttnh+yEnbIGE+yePbIn9mw9WC/Wq/X23TpmDWdW2S9Y71/R1Z+R</latexit>
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FIGURE 3.6: Real-space, 1 µm × 2 µm wide, magnetic images of the
Cu2OSeO3 bulk crystal in the helical phase, at 1.8 K and under ZFC proto-
col, when an external field is applied in the z direction, parallel to the [001]
crystallographic direction. In all images, the DC magnetic signal is centered
around zero. (a),(b) raw scanning data, where steps and jumps in the DC
magnetic signal can be observed. This is due to external interference on the
SSAA, which provokes a change in the locking point. The physical informa-
tion remains encoded in the data file, but requires a treatment in order to be
correctly visualized. (c),(d) DC magnetic signal, after being processed via 2D
FFT and step correction functions. The images show a magnetic background,
with no particular features in it. The background is the result of the spins
rotating in helices around q vectors oriented along [100], [010] and [001] crys-

tallographic directions.

The helical phase was imaged from zero field up to 58 mT, where the value of
magnetic field is not corrected by the demagnetization field. Images were acquired
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with steps of few mT, with the exception of a gap between 41 mT and 54 mT due
to lack of magnetic response of the SOT. In every scan, a pixel size of about 10 - 20
nm is chosen and an integration time for every pixel of 300 - 500 ms, combined to
an amplification factor 10, is used to increase the signal to noise ratio. Every scan is
about 3 - 6 hours long, depending on the size of the scanning window.
Two images, 1 µm × 2 µm wide, taken at different magnetic fields are presented
in Figure 3.6. For clarity, Figure 3.6(a),(b) report the raw signal measured by the
lock-in amplifier. Figure 3.6(c),(d) show the same scanning area, after the signal is
processed. There are few sources of noise: for instance, the white vertical lines are
temporary jumps of the DC signal, due to a change in the FLL working point of
the SSAA, caused by external interference. On top of this, there can be shifts of the
DC signal, as visible in Figure 3.6(a). Jumps and shifts of the signal do not hide the
physical information about the magnetic phase under investigation, but they make
the understanding of the image more difficult by altering the natural colorscale of
the 2D scan. Other distorsions in the scan arise from the pixel size, which give di-
verse contributions along the fast y axis and the slow x axis.
In order to treat the signal, few functions in the Gwyddion software are used. In
first place, a step correction function is used to eliminate significative signal shifts
and level the data. After that, a 2D Fast Fourier Transform (FFT), using a Hann win-
dowing function, is applied to distinguish contributions to the scan having different
frequencies. In this way, it is easy to preserve the original signal contrast and cancel
the distortions from pixel size and jumps caused by external interference. As a last
step, the stray field is centered around zero.
The final results for the real-space images relative to the helical phase are visible in
Figure 3.6(c),(d). The stray magnetic field does not show any particular feature due
to the helices rotating around the q vectors and the magnetic background has a range
of about half a mT.

When Ba is increased from 58 mT to 61 mT, the spin configuration undergoes a
transition from helical phase to tilted conical phase. This completely changes the
stray magnetic field component projected along the z axis. In fact, the spins tilt to-
wards the field direction, in such a way a disposition with conical shape is achieved.
Moreover, the q vector does not remain aligned to the magnetic field axis, but tilts
by a certain angle θ.
At Ba = 61 mT, periodic magnetic features appear. To prove that they are not an
artifact due to the scanners, basic tests were performed: comparing the forward and
backward data, inverting the slow and fast scanning axes and ultimately moving the
scanning window to see if the feature coordinates change accordingly. Four images
at increasing values of Ba are reported in Figure 3.7(a)-(d). The scanning window of
3 µm × 3 µm is obtained by stitching three individual scans together, each of them
taking about 3 - 5 hours. The stitching is made by overlapping two objects that ap-
pear in two adjacent (and slightly overlapping) scanning windows. The stitching
process allows to limit the time required for every scanning window, during which
there can be shifts of the laboratory temperature or other phenomena that would
make a long scan inconsistent. In all the images, signal processing is used to filter
the noise out, as discussed for the helical phase data. The DC stray field has a range
of about 1.5 mT and the magnetic features appear periodically in space, with a pitch
of 1.6 - 2 µm. The period of the magnetic modulation has a specific physical mean-
ing, which is discussed more in details in Sec. 3.4. The reason why the features are
oriented more parallel to the x axis is due to the shape anisotropy of the crystal. In
fact, by looking at Figure 3.4, it is clear how the crystal does not have a perfectly
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square top surface, but instead it has a rectangular surface, with the longer edge in
the x direction. This determines the preferential orientation of the magnetic features.

<latexit sha1_base64="mDf5xOmh00TES6AtbXpRm9FlAN0=">AAACG3icbVC7TsNAEDzzDOEVoKQ5ERAUKLIBAQ1SBA1lkAiJFFvR+rLAKeeH7taIyOQT+AS+ghYqOkRLQcG/4JgUQJhqdmZXuzt+rKQh2/6wxsYnJqemCzPF2bn5hcXS0vKFiRItsC4iFemmDwaVDLFOkhQ2Y40Q+Aobfvdk4DduUBsZhefUi9EL4CqUl1IAZVK7tLl+3HYJbymFvsvdO5e3bNvxtl2+v5vVuROc99fbpbJdsXPwUeIMSZkNUWuXPt1OJJIAQxIKjGk5dkxeCpqkUNgvuonBGEQXrrCV0RACNF6aP9TnG4kBiniMmkvFcxF/TqQQGNML/KwzALo2f72B+J/XSujy0EtlGCeEoRgsIqkwX2SElllSyDtSIxEMLkcuQy5AAxFqyUGITEyy6IpZHs7f70fJxU7F2a/sne2Uq0fDZApsla2xLeawA1Zlp6zG6kywe/bIntiz9WC9WK/W23frmDWcWWG/YL1/AdYon5s=</latexit>
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<latexit sha1_base64="DJ4wJLnHriatx7I8eCABXpieymc=">AAACG3icbVC7TsNAEDzzJrwClDQnEgQFiuwIERokBA0lSEmIFFvR+rIJJ84P3a0RyOQT+AS+ghYqOkRLQcG/4JgUQJhqdmZXuzt+rKQh2/6wJianpmdm5+YLC4tLyyvF1bWmiRItsCEiFemWDwaVDLFBkhS2Yo0Q+Aov/KuToX9xjdrIKKzTbYxeAP1Q9qQAyqROcbt83HEJbyiFgcvdO5e3bdvxdl1es7M6d4L6oNwpluyKnYOPE2dESmyEs07x0+1GIgkwJKHAmLZjx+SloEkKhYOCmxiMQVxBH9sZDSFA46X5QwO+lRigiMeouVQ8F/HnRAqBMbeBn3UGQJfmrzcU//PaCfUOvFSGcUIYiuEikgrzRUZomSWFvCs1EsHwcuQy5AI0EKGWHITIxCSLrpDl4fz9fpw0qxVnv7J3Xi0dHY6SmWMbbJPtMIfV2BE7ZWeswQS7Z4/siT1bD9aL9Wq9fbdOWKOZdfYL1vsX0vOfmQ==</latexit>

Ba k [001], 70 mT

<latexit sha1_base64="vwZjJdvIb7h2X20FvvNCdnHdl/E=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEyoyK4xamMksbGERB4JbMjscMEJs4/M3DESwhdY0GhlZ2z9Cf7Cws+wd3ehUPBUJ+fcm3vu8SIpNNr2p5VZWV1b38hu5ra2d3b38vsHdR0axaHGQxmqpsc0SBFADQVKaEYKmO9JaHiDm8RvPIDSIgzucBiB67N+IHqCM4yl6mMnX7BLdgq6TJw5KVxPJ+3i93RS6eS/2t2QGx8C5JJp3XLsCN0RUyi4hHGubTREjA9YH1oxDZgP2h2lQcf0xGiGIY1AUSFpKsLvjRHztR76XjzpM7zXi14i/ue1DPYu3ZEIIoMQ8OQQCgnpIc2ViBsA2hUKEFmSHKgIKGeKIYISlHEeiyauJBf34Sx+v0zqpyXnvHRWtQvlKzJDlhyRY1IkDrkgZXJLKqRGOAHyRJ7Ji2WsV+vNep+NZqz5ziH5A+vjB5B0lds=</latexit>x

<latexit sha1_base64="3yW6XnP5zwrElA9QcFdJDu/A8xI=">AAAB83icbVC7SgNBFJ2NrxhfUQsFmyFBsAq7Ij4KIZDGMgHzgGQJs5ObOGR2dpm5K4QlX2CrlZ3Y6r9YWvgv7m5SaPRUh3Pu5Z57vFAKg7b9aeWWlldW1/LrhY3Nre2d4u5eywSR5tDkgQx0x2MGpFDQRIESOqEG5nsS2t64lvrte9BGBOoWJyG4PhspMRScYSI1Jv1i2a7YGehf4sxJuXpQev+4qh3W+8Wv3iDgkQ8KuWTGdB07RDdmGgWXMC30IgMh42M2gm5CFfPBuHEWdEqPI8MwoCFoKiTNRPi5ETPfmInvJZM+wzuz6KXif143wuGlGwsVRgiKp4dQSMgOGa5F0gDQgdCAyNLkQIWinGmGCFpQxnkiRkklhaQPZ/H7v6R1WnHOK2eNpJhrMkOeHJESOSEOuSBVckPqpEk4AfJAHsmTFVnP1ov1OhvNWfOdffIL1ts3EdWUDg==</latexit>y <latexit sha1_base64="3yW6XnP5zwrElA9QcFdJDu/A8xI=">AAAB83icbVC7SgNBFJ2NrxhfUQsFmyFBsAq7Ij4KIZDGMgHzgGQJs5ObOGR2dpm5K4QlX2CrlZ3Y6r9YWvgv7m5SaPRUh3Pu5Z57vFAKg7b9aeWWlldW1/LrhY3Nre2d4u5eywSR5tDkgQx0x2MGpFDQRIESOqEG5nsS2t64lvrte9BGBOoWJyG4PhspMRScYSI1Jv1i2a7YGehf4sxJuXpQev+4qh3W+8Wv3iDgkQ8KuWTGdB07RDdmGgWXMC30IgMh42M2gm5CFfPBuHEWdEqPI8MwoCFoKiTNRPi5ETPfmInvJZM+wzuz6KXif143wuGlGwsVRgiKp4dQSMgOGa5F0gDQgdCAyNLkQIWinGmGCFpQxnkiRkklhaQPZ/H7v6R1WnHOK2eNpJhrMkOeHJESOSEOuSBVckPqpEk4AfJAHsmTFVnP1ov1OhvNWfOdffIL1ts3EdWUDg==</latexit>y

<latexit sha1_base64="3yW6XnP5zwrElA9QcFdJDu/A8xI=">AAAB83icbVC7SgNBFJ2NrxhfUQsFmyFBsAq7Ij4KIZDGMgHzgGQJs5ObOGR2dpm5K4QlX2CrlZ3Y6r9YWvgv7m5SaPRUh3Pu5Z57vFAKg7b9aeWWlldW1/LrhY3Nre2d4u5eywSR5tDkgQx0x2MGpFDQRIESOqEG5nsS2t64lvrte9BGBOoWJyG4PhspMRScYSI1Jv1i2a7YGehf4sxJuXpQev+4qh3W+8Wv3iDgkQ8KuWTGdB07RDdmGgWXMC30IgMh42M2gm5CFfPBuHEWdEqPI8MwoCFoKiTNRPi5ETPfmInvJZM+wzuz6KXif143wuGlGwsVRgiKp4dQSMgOGa5F0gDQgdCAyNLkQIWinGmGCFpQxnkiRkklhaQPZ/H7v6R1WnHOK2eNpJhrMkOeHJESOSEOuSBVckPqpEk4AfJAHsmTFVnP1ov1OhvNWfOdffIL1ts3EdWUDg==</latexit>y

<latexit sha1_base64="vwZjJdvIb7h2X20FvvNCdnHdl/E=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEyoyK4xamMksbGERB4JbMjscMEJs4/M3DESwhdY0GhlZ2z9Cf7Cws+wd3ehUPBUJ+fcm3vu8SIpNNr2p5VZWV1b38hu5ra2d3b38vsHdR0axaHGQxmqpsc0SBFADQVKaEYKmO9JaHiDm8RvPIDSIgzucBiB67N+IHqCM4yl6mMnX7BLdgq6TJw5KVxPJ+3i93RS6eS/2t2QGx8C5JJp3XLsCN0RUyi4hHGubTREjA9YH1oxDZgP2h2lQcf0xGiGIY1AUSFpKsLvjRHztR76XjzpM7zXi14i/ue1DPYu3ZEIIoMQ8OQQCgnpIc2ViBsA2hUKEFmSHKgIKGeKIYISlHEeiyauJBf34Sx+v0zqpyXnvHRWtQvlKzJDlhyRY1IkDrkgZXJLKqRGOAHyRJ7Ji2WsV+vNep+NZqz5ziH5A+vjB5B0lds=</latexit>x

<latexit sha1_base64="vwZjJdvIb7h2X20FvvNCdnHdl/E=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEyoyK4xamMksbGERB4JbMjscMEJs4/M3DESwhdY0GhlZ2z9Cf7Cws+wd3ehUPBUJ+fcm3vu8SIpNNr2p5VZWV1b38hu5ra2d3b38vsHdR0axaHGQxmqpsc0SBFADQVKaEYKmO9JaHiDm8RvPIDSIgzucBiB67N+IHqCM4yl6mMnX7BLdgq6TJw5KVxPJ+3i93RS6eS/2t2QGx8C5JJp3XLsCN0RUyi4hHGubTREjA9YH1oxDZgP2h2lQcf0xGiGIY1AUSFpKsLvjRHztR76XjzpM7zXi14i/ue1DPYu3ZEIIoMQ8OQQCgnpIc2ViBsA2hUKEFmSHKgIKGeKIYISlHEeiyauJBf34Sx+v0zqpyXnvHRWtQvlKzJDlhyRY1IkDrkgZXJLKqRGOAHyRJ7Ji2WsV+vNep+NZqz5ziH5A+vjB5B0lds=</latexit>x

<latexit sha1_base64="vwZjJdvIb7h2X20FvvNCdnHdl/E=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEyoyK4xamMksbGERB4JbMjscMEJs4/M3DESwhdY0GhlZ2z9Cf7Cws+wd3ehUPBUJ+fcm3vu8SIpNNr2p5VZWV1b38hu5ra2d3b38vsHdR0axaHGQxmqpsc0SBFADQVKaEYKmO9JaHiDm8RvPIDSIgzucBiB67N+IHqCM4yl6mMnX7BLdgq6TJw5KVxPJ+3i93RS6eS/2t2QGx8C5JJp3XLsCN0RUyi4hHGubTREjA9YH1oxDZgP2h2lQcf0xGiGIY1AUSFpKsLvjRHztR76XjzpM7zXi14i/ue1DPYu3ZEIIoMQ8OQQCgnpIc2ViBsA2hUKEFmSHKgIKGeKIYISlHEeiyauJBf34Sx+v0zqpyXnvHRWtQvlKzJDlhyRY1IkDrkgZXJLKqRGOAHyRJ7Ji2WsV+vNep+NZqz5ziH5A+vjB5B0lds=</latexit>x

<latexit sha1_base64="3yW6XnP5zwrElA9QcFdJDu/A8xI=">AAAB83icbVC7SgNBFJ2NrxhfUQsFmyFBsAq7Ij4KIZDGMgHzgGQJs5ObOGR2dpm5K4QlX2CrlZ3Y6r9YWvgv7m5SaPRUh3Pu5Z57vFAKg7b9aeWWlldW1/LrhY3Nre2d4u5eywSR5tDkgQx0x2MGpFDQRIESOqEG5nsS2t64lvrte9BGBOoWJyG4PhspMRScYSI1Jv1i2a7YGehf4sxJuXpQev+4qh3W+8Wv3iDgkQ8KuWTGdB07RDdmGgWXMC30IgMh42M2gm5CFfPBuHEWdEqPI8MwoCFoKiTNRPi5ETPfmInvJZM+wzuz6KXif143wuGlGwsVRgiKp4dQSMgOGa5F0gDQgdCAyNLkQIWinGmGCFpQxnkiRkklhaQPZ/H7v6R1WnHOK2eNpJhrMkOeHJESOSEOuSBVckPqpEk4AfJAHsmTFVnP1ov1OhvNWfOdffIL1ts3EdWUDg==</latexit>y

<latexit sha1_base64="wHgwyyhYVylJWmns88GJ2DgcLwM=">AAACBHicbVC7TsNAEDyHVwgvAyXNiQSJKrIjBDRIkWgog0QeUmxF58smnHJnW3friMhKy1fQQkWHaPkPCv4FJ7iAhKlGM7va2QliKQw6zqdVWFldW98obpa2tnd29+z9g5aJEs2hySMZ6U7ADEgRQhMFSujEGpgKJLSD0fXMb49BGxGFdziJwVdsGIqB4AwzqWfbFdejnko8hAdM1bTSs8tO1ZmDLhM3J2WSo9Gzv7x+xBMFIXLJjOm6Tox+yjQKLmFa8hIDMeMjNoRuRkOmwPjpPPmUniSGYURj0FRIOhfh90bKlDETFWSTiuG9WfRm4n9eN8HBpZ+KME4QQj47hELC/JDhWmSVAO0LDYhslhyoCClnmiGCFpRxnolJ1lEp68Nd/H6ZtGpV97x6dlsr16/yZorkiByTU+KSC1InN6RBmoSTMXkiz+TFerRerTfr/We0YOU7h+QPrI9vgumXiw==</latexit>

1 µm

<latexit sha1_base64="NprrdR1dfV7RcPpMX6kmHHpE0kQ=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBDiJewGUU8S8OIxgnlANoTeSScOmX0w0yuGJeBXeNWTN/Hqr3jwX9yse9DEOhVV3XR1eZGShmz701paXlldWy9sFDe3tnd2S3v7LRPGWmBThCrUHQ8MKhlgkyQp7EQawfcUtr3x1cxv36M2MgxuaRJhz4dRIIdSAKWS6xI+kDdMKnAy7ZfKdtXOwBeJk5Myy9Hol77cQShiHwMSCozpOnZEvQQ0SaFwWnRjgxGIMYywm9IAfDS9JMs85cexAQp5hJpLxTMRf28k4Bsz8b100ge6M/PeTPzP68Y0vOglMohiwkDMDpFUmB0yQsu0DOQDqZEIZsmRy4AL0ECEWnIQIhXjtJ1i2ocz//0iadWqzln19KZWrl/mzRTYITtiFeawc1Zn16zBmkywiD2xZ/ZiPVqv1pv1/jO6ZOU7B+wPrI9vn3GWDQ==</latexit>

(a)
<latexit sha1_base64="iB2WkxvIkK5UzNCn7jiOHRwp9lE=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAh1U5Ii6koKblxWsA9oQplMb+vQSTLM3IglFPwKt7pyJ279FRf+i0nMQlvP6nDOvdxzj6+kMGjbn9bS8srq2nppo7y5tb2zW9nb75go1hzaPJKR7vnMgBQhtFGghJ7SwAJfQtefXGV+9x60EVF4i1MFXsDGoRgJzjCVXBfhAf1RUvNPZoNK1a7bOegicQpSJQVag8qXO4x4HECIXDJj+o6t0EuYRsElzMpubEAxPmFj6Kc0ZAEYL8kzz+hxbBhGVIGmQtJchN8bCQuMmQZ+OhkwvDPzXib+5/VjHF14iQhVjBDy7BAKCfkhw7VIywA6FBoQWZYcqAgpZ5ohghaUcZ6KcdpOOe3Dmf9+kXQadeesfnrTqDYvi2ZK5JAckRpxyDlpkmvSIm3CiSJP5Jm8WI/Wq/Vmvf+MLlnFzgH5A+vjG6EClg4=</latexit>

(b)

<latexit sha1_base64="ANefolzb5JqjN3VqTQOzk+oJyTY=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAh1U5Ii6koKblxWsA9oQplMb+vQSTLM3IglFPwKt7pyJ279FRf+i0nMQlvP6nDOvdxzj6+kMGjbn9bS8srq2nppo7y5tb2zW9nb75go1hzaPJKR7vnMgBQhtFGghJ7SwAJfQtefXGV+9x60EVF4i1MFXsDGoRgJzjCVXBfhAf1RUuMns0GlatftHHSROAWpkgKtQeXLHUY8DiBELpkxfcdW6CVMo+ASZmU3NqAYn7Ax9FMasgCMl+SZZ/Q4NgwjqkBTIWkuwu+NhAXGTAM/nQwY3pl5LxP/8/oxji68RIQqRgh5dgiFhPyQ4VqkZQAdCg2ILEsOVISUM80QQQvKOE/FOG2nnPbhzH+/SDqNunNWP71pVJuXRTMlckiOSI045Jw0yTVpkTbhRJEn8kxerEfr1Xqz3n9Gl6xi54D8gfXxDaKTlg8=</latexit>

(c)
<latexit sha1_base64="zB5ScYFYTa3Ol/ZUHV39HvAopBw=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAh1U5Ii6koKblxWsA9oQplMb+vQySTM3IglFPwKt7pyJ279FRf+i0nMQlvP6nDOvdxzjx9JYdC2P62l5ZXVtfXSRnlza3tnt7K33zFhrDm0eShD3fOZASkUtFGghF6kgQW+hK4/ucr87j1oI0J1i9MIvICNlRgJzjCVXBfhAf1RUhuezAaVql23c9BF4hSkSgq0BpUvdxjyOACFXDJj+o4doZcwjYJLmJXd2EDE+ISNoZ9SxQIwXpJnntHj2DAMaQSaCklzEX5vJCwwZhr46WTA8M7Me5n4n9ePcXThJUJFMYLi2SEUEvJDhmuRlgF0KDQgsiw5UKEoZ5ohghaUcZ6KcdpOOe3Dmf9+kXQadeesfnrTqDYvi2ZK5JAckRpxyDlpkmvSIm3CSUSeyDN5sR6tV+vNev8ZXbKKnQPyB9bHN6QklhA=</latexit>

(d)

3.5 mV
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<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="H/eQICAjC6Jk3/2aW2GC6i/8qBs=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrIREMoIGsogkYeUWNH5sklOOZ+tuzUisvILtFDRIVp+h4J/wTYuIGGq0cyudnb8SAqDjvNplVZW19Y3ypuVre2d3b3q/kHbhLHm0OKhDHXXZwakUNBCgRK6kQYW+BI6/vQm8zsPoI0I1T3OIvACNlZiJDjDTHLs+sWgWnNsJwddJm5BaqRAc1D96g9DHgegkEtmTM91IvQSplFwCfNKPzYQMT5lY+ilVLEAjJfkWef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMJyYRS8T//N6MY6uvESoKEZQPDuEQkJ+yHAt0hKADoUGRJYlByoU5UwzRNCCMs5TMU5bqaR9uIvfL5P2me1e2ud357XGddFMmRyRY3JKXFInDXJLmqRFOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZ5SpH6</latexit>

0.75

<latexit sha1_base64="Sh35b8rXM2NOnTSYed86jQkBH3k=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJBsuOgFBG0FAGCSeREis6XzbhlPPZulsjRVa+gRYqOkTL51DwL9jBBSRMNZrZ1c5OEEth0HE+rdLK6tr6RnmzsrW9s7tX3T9omyjRHDweyUh3A2ZACgUeCpTQjTWwMJDQCSY3ud95BG1EpO5xGoMfsrESI8EZZpJ35tiNi0G15tjOHHSZuAWpkQKtQfWrP4x4EoJCLpkxPdeJ0U+ZRsElzCr9xEDM+ISNoZdRxUIwfjoPO6MniWEY0Rg0FZLORfi9kbLQmGkYZJMhwwez6OXif14vwdGVnwoVJwiK54dQSJgfMlyLrAWgQ6EBkeXJgQpFOdMMEbSgjPNMTLJaKlkf7uL3y6Rdt91L+/yuXmteF82UyRE5JqfEJQ3SJLekRTzCiSBP5Jm8WFPr1Xqz3n9GS1axc0j+wPr4BuR2ki8=</latexit>

-0.75

4.0 mV
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<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0
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FIGURE 3.7: Real-space, 3 µm × 3 µm wide, magnetic images of the
Cu2OSeO3 bulk crystal after the transition from helical to tilted conical phase,
at 1.8 K and under ZFC protocol, when an external field is applied in the z
direction, parallel to the [001] crystallographic direction. (a) Ba = 61 mT; (b)
Ba = 63 mT; (c) Ba = 65 mT; (d) Ba = 70 mT. In all images, the DC magnetic
signal is centered around zero. The transition to tilted conical phase takes
place in between 58 mT and 61 mT, and manifests with the appearance of

magnetic features, repeating with a periodicity of 1.6 - 2 µm.

When increasing Ba from 70 mT to 73 mT, a significant change in the magnetic
features is noticed, as highlighted by the scanning images in Figure 3.8(a)-(f), where
Ba ranges from 73 mT (a) to 113 mT (f). All images show a scanning window of 2
µm × 1 µm, where the fast scanning axis is along y and the slow scanning axis is
along x. Each scanning takes approximately 5 hours, because a very small pixel size
(13 nm) is chosen. The DC stray field has a range of 1 - 2 mT and, due to the crystal
shape anisotropy, the magnetic textures have an orientation more aligned to the x
axis.

A big difference can be noticed between Figure 3.7 and Figure 3.8, where the
modulation pitch changes from 1.6 µm (Figure 3.7(d)) to 190 nm (Figure 3.8(a)). The
pitch further reduces while increasing Ba, until a minimum value of 143 nm is found
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0.65 1 mV

−9
−7
−6
−5
−4
−3
−2
−1

0

<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="AtgukelbxReAdUUEt77DRWqdVNM=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRWXaEQsoIGsogkYeUWNH5sklOOZ+tuzUisvILtFDRIVp+h4J/wTYuIGGq0cyudnb8SAqDjvNpra1vbG5tl3bKu3v7B4eVo+OOCWPNoc1DGeqezwxIoaCNAiX0Ig0s8CV0/dlN5ncfQBsRqnucR+AFbKLEWHCGmeTY9cawUnVsJwddJW5BqqRAa1j5GoxCHgegkEtmTN91IvQSplFwCYvyIDYQMT5jE+inVLEAjJfkWRf0PDYMQxqBpkLSXITfGwkLjJkHfjoZMJyaZS8T//P6MY4bXiJUFCMonh1CISE/ZLgWaQlAR0IDIsuSAxWKcqYZImhBGeepGKetlNM+3OXvV0mnZrt1+/KuVm1eF82UyCk5IxfEJVekSW5Ji7QJJ1PyRJ7Ji/VovVpv1vvP6JpV7JyQP7A+vgF7x5H6</latexit>

0.68

<latexit sha1_base64="9rB9X+0qSJjAD9fxfZxo8rOiyqg=">AAAB93icbVBNT8JAFNziF+IX6tHLRmLixaYlBjkSvXjExAIJNGS7PHDDdtvsvpoQwm/wqidvxqs/x4P/xbb2oOCcJjPv5c2bIJbCoON8WqW19Y3NrfJ2ZWd3b/+genjUMVGiOXg8kpHuBcyAFAo8FCihF2tgYSChG0xvMr/7CNqISN3jLAY/ZBMlxoIzTCXvwrEbzWG15thODrpK3ILUSIH2sPo1GEU8CUEhl8yYvuvE6M+ZRsElLCqDxEDM+JRNoJ9SxUIw/jwPu6BniWEY0Rg0FZLmIvzemLPQmFkYpJMhwwez7GXif14/wXHTnwsVJwiKZ4dQSMgPGa5F2gLQkdCAyLLkQIWinGmGCFpQxnkqJmktlbQPd/n7VdKp227Dvryr11rXRTNlckJOyTlxyRVpkVvSJh7hRJAn8kxerJn1ar1Z7z+jJavYOSZ/YH18A+eTkjE=</latexit>

-0.68

7.5 mV

−3.2

0.0

2.0

4.0

6.0

<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="B7jHACDSgw1pIQK9Dd2RFJ4Ugso=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJhsiOIFBG0FAGCSeREis6XzbhlPPZulsjRVa+gRYqOkTL51DwL9jGBSRMNZrZ1c6OH0lh0LY/rdLK6tr6RnmzsrW9s7tX3T/omDDWHFweylD3fGZACgUuCpTQizSwwJfQ9ac3md99BG1EqO5xFoEXsIkSY8EZppJ7ZtcvmsNqza7bOegycQpSIwXaw+rXYBTyOACFXDJj+o4doZcwjYJLmFcGsYGI8SmbQD+ligVgvCQPO6cnsWEY0gg0FZLmIvzeSFhgzCzw08mA4YNZ9DLxP68f4/jKS4SKYgTFs0MoJOSHDNcibQHoSGhAZFlyoEJRzjRDBC0o4zwV47SWStqHs/j9Muk06k6zfn7XqLWui2bK5Igck1PikEvSIrekTVzCiSBP5Jm8WDPr1Xqz3n9GS1axc0j+wPr4BuLlki4=</latexit>

-0.56

<latexit sha1_base64="+xHn0yy7yvPgjvTwKQNezc51QDE=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRWXYEgTKChjJI5CElVnS+bJJTzmfrbo2IrPwCLVR0iJbfoeBfsI0LSJhqNLOrnR0/ksKg43xaK6tr6xubpa3y9s7u3n7l4LBtwlhzaPFQhrrrMwNSKGihQAndSAMLfAkdf3qT+Z0H0EaE6h5nEXgBGysxEpxhJjn2RX1QqTq2k4MuE7cgVVKgOah89YchjwNQyCUzpuc6EXoJ0yi4hHm5HxuIGJ+yMfRSqlgAxkvyrHN6GhuGIY1AUyFpLsLvjYQFxswCP50MGE7MopeJ/3m9GEdXXiJUFCMonh1CISE/ZLgWaQlAh0IDIsuSAxWKcqYZImhBGeepGKetlNM+3MXvl0m7Zrt1+/yuVm1cF82UyDE5IWfEJZekQW5Jk7QIJxPyRJ7Ji/VovVpv1vvP6IpV7ByRP7A+vgF3GZH3</latexit>

0.56

<latexit sha1_base64="tAGdU1BecgOqZLUz1gv9/efGhB8=">AAAB83icbVDLSsNAFJ3UV42PVl26GSyCbkoiRd1ZEMFlC/YBbSiT6W0dOpmEmRuhlH6BW125E7d+gV/iwg/wL0zSLrT1rA7n3Ms99/iRFAYd59PKrayurW/kN+2t7Z3dQnFvv2nCWHNo8FCGuu0zA1IoaKBACe1IAwt8CS1/dJ36rQfQRoTqDscReAEbKjEQnGEi1ce9YskpOxnoMnHnpFQtfF+d2h83tV7xq9sPeRyAQi6ZMR3XidCbMI2CS5ja3dhAxPiIDaGTUMUCMN4kCzqlx7FhGNIINBWSZiL83piwwJhx4CeTAcN7s+il4n9eJ8bBpTcRKooRFE8PoZCQHTJci6QBoH2hAZGlyYEKRTnTDBG0oIzzRIyTSuykD3fx+2XSPCu75+VKPSmmQmbIk0NyRE6ISy5IldySGmkQToA8kifybMXWi/Vqvc1Gc9Z854D8gfX+Azh5lCM=</latexit>y

4.0 mV

−5.5

−3.0
−2.0
−1.0

0.0
1.0
2.0
3.0

<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="gtcRMp2J/2ZOOyQPUEchFlSc30o=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRWXZAgTKChjJI5CElVnS+bJJTzmfrbo2IrPwCLVR0iJbfoeBfsI0LSJhqNLOrnR0/ksKg43xaK6tr6xubpa3y9s7u3n7l4LBtwlhzaPFQhrrrMwNSKGihQAndSAMLfAkdf3qT+Z0H0EaE6h5nEXgBGysxEpxhJjl2/XxQqTq2k4MuE7cgVVKgOah89YchjwNQyCUzpuc6EXoJ0yi4hHm5HxuIGJ+yMfRSqlgAxkvyrHN6GhuGIY1AUyFpLsLvjYQFxswCP50MGE7MopeJ/3m9GEdXXiJUFCMonh1CISE/ZLgWaQlAh0IDIsuSAxWKcqYZImhBGeepGKetlNM+3MXvl0m7Zrt1++KuVm1cF82UyDE5IWfEJZekQW5Jk7QIJxPyRJ7Ji/VovVpv1vvP6IpV7ByRP7A+vgFz/JH1</latexit>

0.63

<latexit sha1_base64="Qa29puAGe2kDx79LajY/69Ji7g8=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJhsgOKFBG0FAGCSeREis6XzbhlPPZulsjRVa+gRYqOkTL51DwL9jGBSRMNZrZ1c6OH0lh0LY/rdLK6tr6RnmzsrW9s7tX3T/omDDWHFweylD3fGZACgUuCpTQizSwwJfQ9ac3md99BG1EqO5xFoEXsIkSY8EZppJ7Zteb58Nqza7bOegycQpSIwXaw+rXYBTyOACFXDJj+o4doZcwjYJLmFcGsYGI8SmbQD+ligVgvCQPO6cnsWEY0gg0FZLmIvzeSFhgzCzw08mA4YNZ9DLxP68f4/jKS4SKYgTFs0MoJOSHDNcibQHoSGhAZFlyoEJRzjRDBC0o4zwV47SWStqHs/j9Muk06k6zfnHXqLWui2bK5Igck1PikEvSIrekTVzCiSBP5Jm8WDPr1Xqz3n9GS1axc0j+wPr4Bt/Ikiw=</latexit>

-0.63

7.3 mV

−5.5

−2.0

0.0

2.0

4.0

6.0

<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="CI9ej4ykCX78rWUrnalCLr5q/+U=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESHRYNkR4tFF0FAGCSeREis6XzbhlPPZulsjRVa+gRYqOkTL51DwL9jGBSRMNZrZ1c5OEEth0HE+raXlldW19cpGdXNre2e3trffNlGiOXg8kpHuBsyAFAo8FCihG2tgYSChE0xucr/zCNqISN3jNAY/ZGMlRoIzzCTv1LGv3EGt7thOAbpI3JLUSYnWoPbVH0Y8CUEhl8yYnuvE6KdMo+ASZtV+YiBmfMLG0MuoYiEYPy3CzuhxYhhGNAZNhaSFCL83UhYaMw2DbDJk+GDmvVz8z+slOLr0U6HiBEHx/BAKCcUhw7XIWgA6FBoQWZ4cqFCUM80QQQvKOM/EJKulmvXhzn+/SNoN2z23z+4a9eZ12UyFHJIjckJcckGa5Ja0iEc4EeSJPJMXa2q9Wm/W+8/oklXuHJA/sD6+AeFaki0=</latexit>

-0.91

<latexit sha1_base64="PtHi6fSqNoB3wpyME7y1nraOiyQ=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrIjxKOLoKEMEnlIiRWdL5vklPPZulsjIiu/QAsVHaLldyj4F2zjAhKmGs3samfHj6Qw6DifVmlldW19o7xZ2dre2d2r7h+0TRhrDi0eylB3fWZACgUtFCihG2lggS+h409vMr/zANqIUN3jLAIvYGMlRoIzzCTHvnIH1ZpjOznoMnELUiMFmoPqV38Y8jgAhVwyY3quE6GXMI2CS5hX+rGBiPEpG0MvpYoFYLwkzzqnJ7FhGNIINBWS5iL83khYYMws8NPJgOHELHqZ+J/Xi3F06SVCRTGC4tkhFBLyQ4ZrkZYAdCg0ILIsOVChKGeaIYIWlHGeinHaSiXtw138fpm067Z7bp/d1WuN66KZMjkix+SUuOSCNMgtaZIW4WRCnsgzebEerVfrzXr/GS1Zxc4h+QPr4xt1jpH2</latexit>

0.91 −3.8 mV

−12.2

−10.0

−9.0

−8.0

−7.0

−6.0

−5.0

<latexit sha1_base64="SLYqiin7PNA9/EP21FC5BlLdi50=">AAACDXicbVC7TgJBFJ3FF+ILtTI2E8EEG7JLjFoSbCwx4ZWwGzI7XHDC7CMzd424IX6CX2GrlZ2x9Rss/BeXhULRU52cc2/uPccNpdBomp9GZml5ZXUtu57b2Nza3snv7rV0ECkOTR7IQHVcpkEKH5ooUEInVMA8V0LbHV1O/fYtKC0Cv4HjEByPDX0xEJxhIvXyB8Vaz0a4w/h+YtPSjHqNyUmxly+YZTMF/UusOSmQOeq9/JfdD3jkgY9cMq27lhmiEzOFgkuY5OxIQ8j4iA2hm1CfeaCdOI0woceRZhjQEBQVkqYi/NyImaf12HOTSY/hjV70puJ/XjfCwYUTCz+MEHw+PYRCQnpIcyWSboD2hQJENv0cqPApZ4ohghKUcZ6IUVJWLunDWkz/l7QqZeusfHpdKVRr82ay5JAckRKxyDmpkitSJ03CyQN5Is/kxXg0Xo034302mjHmO/vkF4yPb22Pm1Q=</latexit> B
z

(m
T

)

<latexit sha1_base64="QpZs7WVipz84Z00Q3gwtF9B3RaE=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6ntjqo1t+7moKvEK0iNFGiNql/DccRtCAq5ZMYMPDdGP2EaBZewqAytgZjxGZvCIKWKhWD8JA+6oGfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufYToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNK6mkfXjL36+SbqPuXdYv2o1a86ZopkxOyCk5Jx65Ik1yR1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xsYn5FA</latexit>

0

<latexit sha1_base64="92maGx3KGx1Qmog3wjZbdYs6djw=">AAAB9nicbVBNT8JAFNziF+IX6tHLRmLiqWkJUY5ELx4xETCBhmyXB2zYbpvdVyNp+Ate9eTNePXvePC/2NYeFJzTZOa9vHnjR1IYdJxPq7S2vrG5Vd6u7Ozu7R9UD4+6Jow1hw4PZajvfWZACgUdFCjhPtLAAl9Cz59dZ37vAbQRobrDeQRewCZKjAVnmEmO3WwMqzXHdnLQVeIWpEYKtIfVr8Eo5HEACrlkxvRdJ0IvYRoFl7CoDGIDEeMzNoF+ShULwHhJnnVBz2LDMKQRaCokzUX4vZGwwJh54KeTAcOpWfYy8T+vH+O46SVCRTGC4tkhFBLyQ4ZrkZYAdCQ0ILIsOVChKGeaIYIWlHGeinHaSiXtw13+fpV067Z7YTdu67XWVdFMmZyQU3JOXHJJWuSGtEmHcDIlT+SZvFiP1qv1Zr3/jJasYueY/IH18Q14q5H4</latexit>

0.84

<latexit sha1_base64="38LB/ptpiSlsjYGpXuoPMXT1hlM=">AAAB93icbVBNT8JAFNziF+IX6tHLRmLixaYlRDkSvXjExAIJNGS7PHDDdtvsvpoQwm/wqidvxqs/x4P/xbb2oOCcJjPv5c2bIJbCoON8WqW19Y3NrfJ2ZWd3b/+genjUMVGiOXg8kpHuBcyAFAo8FCihF2tgYSChG0xvMr/7CNqISN3jLAY/ZBMlxoIzTCXvwrGbjWG15thODrpK3ILUSIH2sPo1GEU8CUEhl8yYvuvE6M+ZRsElLCqDxEDM+JRNoJ9SxUIw/jwPu6BniWEY0Rg0FZLmIvzemLPQmFkYpJMhwwez7GXif14/wXHTnwsVJwiKZ4dQSMgPGa5F2gLQkdCAyLLkQIWinGmGCFpQxnkqJmktlbQPd/n7VdKp2+6l3bir11rXRTNlckJOyTlxyRVpkVvSJh7hRJAn8kxerJn1ar1Z7z+jJavYOSZ/YH18A+R3ki8=</latexit>

-0.84

<latexit sha1_base64="tAGdU1BecgOqZLUz1gv9/efGhB8=">AAAB83icbVDLSsNAFJ3UV42PVl26GSyCbkoiRd1ZEMFlC/YBbSiT6W0dOpmEmRuhlH6BW125E7d+gV/iwg/wL0zSLrT1rA7n3Ms99/iRFAYd59PKrayurW/kN+2t7Z3dQnFvv2nCWHNo8FCGuu0zA1IoaKBACe1IAwt8CS1/dJ36rQfQRoTqDscReAEbKjEQnGEi1ce9YskpOxnoMnHnpFQtfF+d2h83tV7xq9sPeRyAQi6ZMR3XidCbMI2CS5ja3dhAxPiIDaGTUMUCMN4kCzqlx7FhGNIINBWSZiL83piwwJhx4CeTAcN7s+il4n9eJ8bBpTcRKooRFE8PoZCQHTJci6QBoH2hAZGlyYEKRTnTDBG0oIzzRIyTSuykD3fx+2XSPCu75+VKPSmmQmbIk0NyRE6ISy5IldySGmkQToA8kifybMXWi/Vqvc1Gc9Z854D8gfX+Azh5lCM=</latexit>y

<latexit sha1_base64="tAGdU1BecgOqZLUz1gv9/efGhB8=">AAAB83icbVDLSsNAFJ3UV42PVl26GSyCbkoiRd1ZEMFlC/YBbSiT6W0dOpmEmRuhlH6BW125E7d+gV/iwg/wL0zSLrT1rA7n3Ms99/iRFAYd59PKrayurW/kN+2t7Z3dQnFvv2nCWHNo8FCGuu0zA1IoaKBACe1IAwt8CS1/dJ36rQfQRoTqDscReAEbKjEQnGEi1ce9YskpOxnoMnHnpFQtfF+d2h83tV7xq9sPeRyAQi6ZMR3XidCbMI2CS5ja3dhAxPiIDaGTUMUCMN4kCzqlx7FhGNIINBWSZiL83piwwJhx4CeTAcN7s+il4n9eJ8bBpTcRKooRFE8PoZCQHTJci6QBoH2hAZGlyYEKRTnTDBG0oIzzRIyTSuykD3fx+2XSPCu75+VKPSmmQmbIk0NyRE6ISy5IldySGmkQToA8kifybMXWi/Vqvc1Gc9Z854D8gfX+Azh5lCM=</latexit>y<latexit sha1_base64="tAGdU1BecgOqZLUz1gv9/efGhB8=">AAAB83icbVDLSsNAFJ3UV42PVl26GSyCbkoiRd1ZEMFlC/YBbSiT6W0dOpmEmRuhlH6BW125E7d+gV/iwg/wL0zSLrT1rA7n3Ms99/iRFAYd59PKrayurW/kN+2t7Z3dQnFvv2nCWHNo8FCGuu0zA1IoaKBACe1IAwt8CS1/dJ36rQfQRoTqDscReAEbKjEQnGEi1ce9YskpOxnoMnHnpFQtfF+d2h83tV7xq9sPeRyAQi6ZMR3XidCbMI2CS5ja3dhAxPiIDaGTUMUCMN4kCzqlx7FhGNIINBWSZiL83piwwJhx4CeTAcN7s+il4n9eJ8bBpTcRKooRFE8PoZCQHTJci6QBoH2hAZGlyYEKRTnTDBG0oIzzRIyTSuykD3fx+2XSPCu75+VKPSmmQmbIk0NyRE6ISy5IldySGmkQToA8kifybMXWi/Vqvc1Gc9Z854D8gfX+Azh5lCM=</latexit>y

<latexit sha1_base64="+aix0IAG3RsoJGoz8mTazlnA5tE=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEysyK4haieJjSUk8kiAkNnhghNmZzczd4xkwxfYaqF2xtYP8FMs/Bd3FwpFT3Vyzr255x4/ksKg6346uaXlldW1/HphY3Nre6e4u9c0odUcGjyUoW77zIAUChooUEI70sACX0LLH1+mfusWtBGhusZJBL2AjZQYCs4wkep3/WLJLbsZ6F/izUnp4uMpxXOtX/zqDkJuA1DIJTOm47kR9mKmUXAJ00LXGogYH7MRdBKqWACmF2dBp/TIGoYhjUBTIWkmws+NmAXGTAI/mQwY3phFLxX/8zoWh+e9WKjIIiieHkIhITtkuBZJA0AHQgMiS5MDFYpyphkiaEEZ54lok0oKSR/e4vd/SfOk7J2WK3W3VK2QGfLkgBySY+KRM1IlV6RGGoQTIPfkgTw61nlxXp232WjOme/sk19w3r8B2AGWBw==</latexit>x <latexit sha1_base64="+aix0IAG3RsoJGoz8mTazlnA5tE=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEysyK4haieJjSUk8kiAkNnhghNmZzczd4xkwxfYaqF2xtYP8FMs/Bd3FwpFT3Vyzr255x4/ksKg6346uaXlldW1/HphY3Nre6e4u9c0odUcGjyUoW77zIAUChooUEI70sACX0LLH1+mfusWtBGhusZJBL2AjZQYCs4wkep3/WLJLbsZ6F/izUnp4uMpxXOtX/zqDkJuA1DIJTOm47kR9mKmUXAJ00LXGogYH7MRdBKqWACmF2dBp/TIGoYhjUBTIWkmws+NmAXGTAI/mQwY3phFLxX/8zoWh+e9WKjIIiieHkIhITtkuBZJA0AHQgMiS5MDFYpyphkiaEEZ54lok0oKSR/e4vd/SfOk7J2WK3W3VK2QGfLkgBySY+KRM1IlV6RGGoQTIPfkgTw61nlxXp232WjOme/sk19w3r8B2AGWBw==</latexit>x

<latexit sha1_base64="6DujBxCvfidDoxsi3keEgwZ1fTI=">AAACG3icbVC7TsNAEDzzDOEVoKQ5kSAoUGSHiFBG0FAGKQGk2IrWxwInzg/drRGRySfwCXwFLVR0iJaCgn/BMSkgMNXszK52d/xYSUO2/WFNTE5Nz8wW5orzC4tLy6WV1RMTJVpgR0Qq0mc+GFQyxA5JUngWa4TAV3jqXx8O/dMb1EZGYZv6MXoBXIbyQgqgTOqVtioHPZfwllIYuNy9c3nXth1vx+WN3azOnaA9qPRKZbtq5+B/iTMiZTZCq1f6dM8jkQQYklBgTNexY/JS0CSFwkHRTQzGIK7hErsZDSFA46X5QwO+mRigiMeouVQ8F/HnRAqBMf3AzzoDoCsz7g3F/7xuQhf7XirDOCEMxXARSYX5IiO0zJJCfi41EsHwcuQy5AI0EKGWHITIxCSLrpjl4Yx//5ec1KrOXrV+XCs366NkCmydbbBt5rAGa7Ij1mIdJtg9e2RP7Nl6sF6sV+vtu3XCGs2ssV+w3r8A1Q+fkw==</latexit>

Ba k [001], 73 mT
<latexit sha1_base64="oHZiTVYqfSjWRmgYjJ0LxeB8uhs=">AAACG3icbVC7TsNAEDyHVwivACXNiQRBgSI7QpAygoYySElAiq1ofSxwyvmhuzUCmXwCn8BX0EJFh2gpKPgXHJMCAlPNzuxqd8ePlTRk2x9WYWp6ZnauOF9aWFxaXimvrnVNlGiBHRGpSJ/5YFDJEDskSeFZrBECX+GpPzga+afXqI2MwjbdxugFcBnKCymAMqlf3q4e9l3CG0ph6HL3zuU923a8XZc37KzOnaA9rPbLFbtm5+B/iTMmFTZGq1/+dM8jkQQYklBgTM+xY/JS0CSFwmHJTQzGIAZwib2MhhCg8dL8oSHfSgxQxGPUXCqei/hzIoXAmNvAzzoDoCsz6Y3E/7xeQhcNL5VhnBCGYrSIpMJ8kRFaZkkhP5caiWB0OXIZcgEaiFBLDkJkYpJFV8rycCa//0u69ZqzX9s7qVeae+NkimyDbbId5rAD1mTHrMU6TLB79sie2LP1YL1Yr9bbd2vBGs+ss1+w3r8A0dqfkQ==</latexit>

Ba k [001], 80 mT

<latexit sha1_base64="4slfYLn/NU6J5k0jdNpdaxq/rzU=">AAACG3icbVC7TsNAEDzzDOEVoKQ5ERAUKLIRgpQRNJRBykuKrWh9WeDE+aG7NSIy+QQ+ga+ghYoO0VJQ8C84JgUQppqd2dXujh8raci2P6yp6ZnZufnCQnFxaXlltbS23jJRogU2RaQi3fHBoJIhNkmSwk6sEQJfYdu/Ph357RvURkZhgwYxegFchvJCCqBM6pV2t096LuEtpTB0uXvn8q5tO96+y6vVrM6doDHc7pXKdsXOwSeJMyZlNka9V/p0+5FIAgxJKDCm69gxeSlokkLhsOgmBmMQ13CJ3YyGEKDx0vyhId9JDFDEY9RcKp6L+HMihcCYQeBnnQHQlfnrjcT/vG5CF1UvlWGcEIZitIikwnyREVpmSSHvS41EMLocuQy5AA1EqCUHITIxyaIrZnk4f7+fJK2DinNUOTw/KNcOx8kU2CbbYnvMYcesxs5YnTWZYPfskT2xZ+vBerFerbfv1ilrPLPBfsF6/wLesp+Z</latexit>

Ba k [001], 88 mT
<latexit sha1_base64="3pxV7ACi/+oTMaquoD8QK8mPzgE=">AAACG3icbVC7TsNAEDyHd3gFKGlOJAgKFNlRxKOLoKEEiUCk2IrWxxJOOT90t0ZEJp/AJ/AVtFDRIVoKCv4Fx6QAwlSzM7va3fFjJQ3Z9odVmJicmp6ZnSvOLywuLZdWVs9NlGiBTRGpSLd8MKhkiE2SpLAVa4TAV3jh946G/sUNaiOj8Iz6MXoBdEN5JQVQJnVKW5XDjkt4SykMXO7eubxt24634/KDelbnTnA2qHRKZbtq5+DjxBmRMhvhpFP6dC8jkQQYklBgTNuxY/JS0CSFwkHRTQzGIHrQxXZGQwjQeGn+0IBvJgYo4jFqLhXPRfw5kUJgTD/ws84A6Nr89Ybif147oat9L5VhnBCGYriIpMJ8kRFaZkkhv5QaiWB4OXIZcgEaiFBLDkJkYpJFV8zycP5+P07Oa1Vnt1o/rZUb9VEys2ydbbBt5rA91mDH7IQ1mWD37JE9sWfrwXqxXq2379aCNZpZY79gvX8B2eKflg==</latexit>

Ba k [001], 94 mT

<latexit sha1_base64="JIBN6pe6FebQqXdcG38hvNT10hw=">AAACHHicbVC7TsNAEDzzDOEVoKQ5EZBSoMiOIqBE0FAGKQlIsRWtL0s45fzQ3RqBTH6BT+AraKGiQ7RIFPwLtknBa6rRzK52Z/xYSUO2/W5NTc/Mzs2XFsqLS8srq5W19a6JEi2wIyIV6XMfDCoZYockKTyPNULgKzzzR8e5f3aF2sgobNNNjF4Aw1BeSAGUSf1Kbfuo7xJeUwpjl7u3Lu/ZtuPtutyxnUworKA93u5XqnbdLsD/EmdCqmyCVr/y4Q4ikQQYklBgTM+xY/JS0CSFwnHZTQzGIEYwxF5GQwjQeGmRaMx3EgMU8Rg1l4oXIn7fSCEw5ibws8kA6NL89nLxP6+X0MWBl8owTghDkR8iqbA4ZISWWVXIB1IjEeSfI5chF6CBCLXkIEQmJll35awP53f6v6TbqDt79eZpo3rYnDRTYptsi9WYw/bZITthLdZhgt2xB/bInqx769l6sV6/Rqesyc4G+wHr7RNDC5/F</latexit>

Ba k [001], 101 mT
<latexit sha1_base64="BnF6n5ODxVFlXFl5qs8EZ7FjWFU=">AAACHHicbVC7TsNAEDyHVwivACXNiQQpBYrsgIAygoYSJAJIsRWtL5twyvmhuzUCmfwCn8BX0EJFh2iRKPgXHJMCAlONZna1O+PHShqy7Q+rMDU9MztXnC8tLC4tr5RX185NlGiBLRGpSF/6YFDJEFskSeFlrBECX+GFPzga+RfXqI2MwjO6jdELoB/KnhRAmdQp16qHHZfwhlIYuty9c3nbth1v2+WOs5MJuRWcDaudcsWu2zn4X+KMSYWNcdIpf7rdSCQBhiQUGNN27Ji8FDRJoXBYchODMYgB9LGd0RACNF6aJxryrcQARTxGzaXiuYg/N1IIjLkN/GwyALoyk95I/M9rJ9Q78FIZxglhKEaHSCrMDxmhZVYV8q7USASjz5HLkAvQQIRachAiE5Osu1LWhzOZ/i85b9SdvfruaaPS3B03U2QbbJPVmMP2WZMdsxPWYoLds0f2xJ6tB+vFerXevkcL1nhnnf2C9f4FR92fyA==</latexit>

Ba k [001], 113 mT

<latexit sha1_base64="T69Em2kxvE+IHtNIUpXXGp9Q02M=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrKj8Cgj0VAGiTykxIrOl004cne27tZIwco/0EJFh2j5Gwr+Bce4gISpRjO72tkJIiksuu6nU1hZXVvfKG6WtrZ3dvfK+wdtG8aGQ4uHMjTdgFmQQkMLBUroRgaYCiR0gsnV3O88gLEi1Lc4jcBXbKzFSHCGqdQ+c12q1aBccatuBrpMvJxUSI7moPzVH4Y8VqCRS2Ztz3Mj9BNmUHAJs1I/thAxPmFj6KVUMwXWT7K0M3oSW4YhjcBQIWkmwu+NhClrpypIJxXDO7vozcX/vF6Mo0s/ETqKETSfH0IhITtkuRFpDUCHwgAimycHKjTlzDBEMIIyzlMxTnsppX14i98vk3at6p1X6ze1SqOeN1MkR+SYnBKPXJAGuSZN0iKc3JMn8kxenEfn1Xlz3n9GC06+c0j+wPn4BvTtksQ=</latexit>

500 nm

<latexit sha1_base64="b0g/YdaIYfMfzc9fBHEvMBlaTZo=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBDiJewGMR4DXjxGMA/ILqF30olDZh/M9IphCfgVXvXkTbz6Kx78FzdxD5pYp6Kqm64uP1bSkG1/Wiura+sbm4Wt4vbO7t5+6eCwbaJEC2yJSEW664NBJUNskSSF3VgjBL7Cjj++mvmde9RGRuEtTWL0AhiFcigFUCa5LuED+cO0AmfTfqlsV+05+DJxclJmOZr90pc7iEQSYEhCgTE9x47JS0GTFAqnRTcxGIMYwwh7GQ0hQOOl88xTfpoYoIjHqLlUfC7i740UAmMmgZ9NBkB3ZtGbif95vYSGl14qwzghDMXsEEmF80NGaJmVgXwgNRLBLDlyGXIBGohQSw5CZGKStVPM+nAWv18m7VrVuaie39TKjXreTIEdsxNWYQ6rswa7Zk3WYoLF7Ik9sxfr0Xq13qz3n9EVK985Yn9gfXwDnVaWBg==</latexit>

(a)
<latexit sha1_base64="2dPRvcDAHVuH3jVgSG7i2zw9zBQ=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESGFJrIjRCgj0VAGiTyk2IrOl0045Wyf7taIyIrEV9BCRYdo+RUK/gXbuICEqUYzu9rZ8ZUUBm3701pZXVvf2Cxtlbd3dvf2KweHXRPFmkOHRzLSfZ8ZkCKEDgqU0FcaWOBL6PnTq8zv3YM2IgpvcabAC9gkFGPBGaaS6yI8oD9Oav7ZfFip2nU7B10mTkGqpEB7WPlyRxGPAwiRS2bMwLEVegnTKLiEedmNDSjGp2wCg5SGLADjJXnmOT2NDcOIKtBUSJqL8HsjYYExs8BPJwOGd2bRy8T/vEGM40svEaGKEUKeHUIhIT9kuBZpGUBHQgMiy5IDFSHlTDNE0IIyzlMxTtspp304i98vk26j7lzUz28a1VazaKZEjskJqRGHNEmLXJM26RBOFHkiz+TFerRerTfr/Wd0xSp2jsgfWB/fnueWBw==</latexit>

(b)

<latexit sha1_base64="IiHORU4pM85ON/AbvkOU/tCFL0M=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESGFJrIjRCgj0VAGiTyk2IrOl0045Wyf7taIyIrEV9BCRYdo+RUK/gXbuICEqUYzu9rZ8ZUUBm3701pZXVvf2Cxtlbd3dvf2KweHXRPFmkOHRzLSfZ8ZkCKEDgqU0FcaWOBL6PnTq8zv3YM2IgpvcabAC9gkFGPBGaaS6yI8oD9OavxsPqxU7bqdgy4TpyBVUqA9rHy5o4jHAYTIJTNm4NgKvYRpFFzCvOzGBhTjUzaBQUpDFoDxkjzznJ7GhmFEFWgqJM1F+L2RsMCYWeCnkwHDO7PoZeJ/3iDG8aWXiFDFCCHPDqGQkB8yXIu0DKAjoQGRZcmBipByphkiaEEZ56kYp+2U0z6cxe+XSbdRdy7q5zeNaqtZNFMix+SE1IhDmqRFrkmbdAgnijyRZ/JiPVqv1pv1/jO6YhU7R+QPrI9voHiWCA==</latexit>

(c)
<latexit sha1_base64="xzw5Fz8kNQ/xeFBT8GqFc4bnhxw=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESGFJrIjRCgj0VAGiTyk2IrOl0045Xy27taIyIrEV9BCRYdo+RUK/gXbuICEqUYzu9rZ8SMpDNr2p7Wyura+sVnaKm/v7O7tVw4OuyaMNYcOD2Wo+z4zIIWCDgqU0I80sMCX0POnV5nfuwdtRKhucRaBF7CJEmPBGaaS6yI8oD9OaqOz+bBStet2DrpMnIJUSYH2sPLljkIeB6CQS2bMwLEj9BKmUXAJ87IbG4gYn7IJDFKqWADGS/LMc3oaG4YhjUBTIWkuwu+NhAXGzAI/nQwY3plFLxP/8wYxji+9RKgoRlA8O4RCQn7IcC3SMoCOhAZEliUHKhTlTDNE0IIyzlMxTtspp304i98vk26j7lzUz28a1VazaKZEjskJqRGHNEmLXJM26RBOIvJEnsmL9Wi9Wm/W+8/oilXsHJE/sD6+AaIJlgk=</latexit>

(d)

<latexit sha1_base64="I0mHvMmCLlE2J+ACV5be24/T29Y=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESGFJrIjRCgj0VAGiTyk2IrOl0045Wyf7taIyIrEV9BCRYdo+RUK/gXbuICEqUYzu9rZ8ZUUBm3701pZXVvf2Cxtlbd3dvf2KweHXRPFmkOHRzLSfZ8ZkCKEDgqU0FcaWOBL6PnTq8zv3YM2IgpvcabAC9gkFGPBGaaS6yI8oD9OanA2H1aqdt3OQZeJU5AqKdAeVr7cUcTjAELkkhkzcGyFXsI0Ci5hXnZjA4rxKZvAIKUhC8B4SZ55Tk9jwzCiCjQVkuYi/N5IWGDMLPDTyYDhnVn0MvE/bxDj+NJLRKhihJBnh1BIyA8ZrkVaBtCR0IDIsuRARUg50wwRtKCM81SM03bKaR/O4vfLpNuoOxf185tGtdUsmimRY3JCasQhTdIi16RNOoQTRZ7IM3mxHq1X6816/xldsYqdI/IH1sc3o5qWCg==</latexit>

(e)
<latexit sha1_base64="Qo7dt6sWHOnZc6Z6kI4lYQLWj2E=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESGFJrIjRCgj0VAGiTykxIrOl3U45Wyf7taIyIrEV9BCRYdo+RUK/gXbuICEqUYzu9rZ8ZQUBm3701pZXVvf2Cxtlbd3dvf2KweHXRPFmkOHRzLSfY8ZkCKEDgqU0FcaWOBJ6HnTq8zv3YM2IgpvcabADdgkFL7gDFNpOER4QM9Pav7ZfFSp2nU7B10mTkGqpEB7VPkajiMeBxAil8yYgWMrdBOmUXAJ8/IwNqAYn7IJDFIasgCMm+SZ5/Q0NgwjqkBTIWkuwu+NhAXGzAIvnQwY3plFLxP/8wYx+pduIkIVI4Q8O4RCQn7IcC3SMoCOhQZEliUHKkLKmWaIoAVlnKdinLZTTvtwFr9fJt1G3bmon980qq1m0UyJHJMTUiMOaZIWuSZt0iGcKPJEnsmL9Wi9Wm/W+8/oilXsHJE/sD6+AaUrlgs=</latexit>

(f)

FIGURE 3.8: Real-space, 1 µm × 2 µm wide, magnetic images of the
Cu2OSeO3 bulk crystal in the tilted conical phase, at 1.8 K and under ZFC
protocol, when an external field is applied in the z direction, parallel to the
[001] crystallographic direction. In all images, the DC magnetic signal is cen-
tered around zero. The modulation pitch is strongly reduced and varies with
the applied field. (a) Ba = 73 mT, pitch 190 nm; (b) Ba = 80 mT, pitch
156.6 nm; (c) Ba = 88 mT, pitch 145.2 nm; (d) Ba = 94 mT, pitch 143 nm;
(e) Ba = 101 mT, pitch 143 nm; (f) Ba = 113 mT, pitch 143 nm. The orange
stepped line marks regions where skyrmion-like features are observed, dis-

posed in straight lines.
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at Ba = 94 mT. This can be visualized in Figure 3.8(a)-(d). Above 94 mT, no changes
in the modulation pitch are observed anymore, until the tilted conical phase transi-
tions to the field polarized state.
Starting from Figure 3.8(c), the magnetic stripes are accompanied by the presence of
circular features, whose diameter is estimated to be around 60 - 70 nm. These dots
are more visible while keeping y as the fast scanning axis, due to the fact that the
stripes are almost orthogonal to the direction of scanning. The size and shape of
these objects make us thinking that the circular features might be skyrmions, either
isolated or aggregated ones. Especially in Figure 3.8(f), dots arranged in straight
lines can be seen, as suggested by the contouring stepped line. This would corrob-
orate the hypothesis of the presence of aggregated skyrmions, mixed to the tilted
conical phase. The mixture of tilted conical phase and skyrmions would not be a
surprise. In fact, by looking at the phase diagram in Figure 3.3 reported by Chacon
et al., at a strong enough applied magnetic field, the tilted conical phase is inter-
sected by the low-temperature skyrmion phase. This should lead to images like
Figure 3.8(f), where both phases can be spotted.
Unfortunately, for few reasons, we cannot conclude that these circular features are
magnetic skyrmions. In first place, the SOT diameter of 95 nm does not allow to
achieve enough spatial resolution to distinguish two separated skyrmions, whose
period is about 60 nm. The same experiment should be repeated with a smaller SOT,
ideally with a diameter below 50 nm.
Another point is about the field vs temperature protocol followed in the experiment.
In many papers [11, 119, 120] it is reported the role played by the cooling rate in the
stabilization of the low-temperature skyrmion phase, either in conditions of zero-
field cooling or field cooling. The faster the cooling rate, the more energetically stable
the skyrmion phase gets. Typical cooling rates are about 6 - 10 K/min, achieved by
locally heating the crystal, for instance by using a laser. This fast zero-field cooling
could not be achieved in our setup, since the whole UHV chamber was heated up to
65 K and the cooling process down to 2 K was taking approximately few hours. This
might compromise the energetic stability of the low-temperature skyrmion phase
and its visibility if compared to the tilted conical phase.
Another issue regards the slow nucleation of the low-temperature skyrmion phase,
even though it represents a thermodynamic ground state. In fact, as can be seen in
Figure 3.3, a two-step process is observed in which the metastable tilted conical state
is required as an intermediate state prior to the nucleation of the skyrmion phase.
A reported way to increase the volume fraction of the low-temperature skyrmion
phase is cycling the magnetic field, about hundred times or more, around a fixed
value of Ba [121]. This approach was tempted at few values of Ba in between 100 mT
and 120 mT, but no significant changes in the magnetic images were noticed.

The tilted conical phase was detected up to Ba = 130 mT. When Ba is increased to
131 mT, the transition from tilted conical phase to field-polarized state occurs, which
changes the spin configuration. Instead of rotating around the q vector, tilted away
from the magnetic field axis, spins align to the direction of Ba. In our configuration,
this means that spins are pointing upwards and the projection of the magnetic stray
field along the z direction should lead to a non-zero magnetic background, with no
features in it.
Figure 3.9 shows the stray field image scanned at Ba = 131 mT, in a window of 1
µm × 2 µm. The signal range of about 1 mT is given by positive and negative peaks
in the right side of the scan, probably corresponding to a surface defect, acting as
a pinning point. The rest of the background shows a mild change of the magnetic
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FIGURE 3.9: Real-space, 1 µm × 2 µm wide, magnetic image of the
Cu2OSeO3 bulk crystal after the transition between tilted conical phase and
field polarized phase, at 1.8 K and under ZFC protocol, when an external
field is applied in the z direction, parallel to the [001] crystallographic direc-
tion. When Ba is increased from 130 mT to 131 mT, the modulation with 143
nm pitch disappears. In this regime, spins align parallel to the field direction
and the projection along z gives a DC magnetic background with no specific

features.

stray field, as expected for this phase.

3.4 Data analysis: modulation pitch of the tilted conical phase

As shown in Figure 3.7 and Figure 3.8, the tilted conical phase manifests with the
appearance of magnetic features, which repeat with a period that is shrinking with
the increase of the applied magnetic field. In the following, the measured modula-
tion pitch will be linked to the corresponding spin configuration and the results will
be compared to the ones presented in literature. Before discussing the meaning of
the modulation pitch, we will focus on how to extract the value of the pitch from the
scanning images.

There are two ways to precisely access the information about the period of the
magnetic modulation, which can be seen in Figure 3.10.
The first approach is to take a vertical linescan along the y direction, at a fixed x po-
sition, of the DC stray magnetic field. Figure 3.10(a) shows the outcome for Ba = 88
mT, where Bz is plotted as a function of y. Over the 3 µm range, about 19 full peri-
ods are observed. By using cursors, it is possible to precisely measure the length and
then average the pitch over the 19 periods. This is repeated at several x positions, to
make the measurement more precise. For the reported case of Ba = 88 mT, the pitch
is about 145 nm.
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<latexit sha1_base64="kqvd3nYGCXdNvkvKNfYgxwU6toQ=">AAAB83icbVC7TgJBFJ3FF+ILtbSZSEywIbtq0E4SG0tI5JHAhswOF5ww+8jMHROy4QssbLSyM7b+gZV/YeFn2LsLFAqe6uSce3PPPV4khUbb/rQyS8srq2vZ9dzG5tb2Tn53r6FDozjUeShD1fKYBikCqKNACa1IAfM9CU1veJX6zTtQWoTBDY4icH02CERfcIaJVDvt5gt2yZ6ALhJnRgqX78Xvj4fOcbWb/+r0Qm58CJBLpnXbsSN0Y6ZQcAnjXMdoiBgfsgG0ExowH7QbT4KO6ZHRDEMagaJC0okIvzdi5ms98r1k0md4q+e9VPzPaxvsX7ixCCKDEPD0EAoJk0OaK5E0ALQnFCCyNDlQEVDOFEMEJSjjPBFNUkku6cOZ/36RNE5KTrl0VrMLlTKZIksOyCEpEoeckwq5JlVSJ5wAuSeP5Mky1rP1Yr1ORzPWbGef/IH19gOPGJUj</latexit>

3

<latexit sha1_base64="0oErO3OTDMhuqMI+OLCA/uTUp7g=">AAAB73icbVC7TsNAEDyHVzCvQEtzIkIKTWQjFOiIREMZJPKQEis6XzbhlPNDd3tIkZUvoKCBio6WX6DiLyj4DHpsJwUkTDWa2dXOjh9LodFxPq3Cyura+kZx097a3tndK9n7LR0ZxaHJIxmpjs80SBFCEwVK6MQKWOBLaPvjq8xv34PSIgpvcRKDF7BRKIaCM0ylG6dfKjtVJwddJu6clC/fK98fj72TRr/01RtE3AQQIpdM667rxOglTKHgEqZ2z2iIGR+zEXRTGrIAtJfkQaf02GiGEY1BUSFpLsLvjYQFWk8CP50MGN7pRS8T//O6BocXXiLC2CCEPDuEQkJ+SHMl0gaADoQCRJYlBypCypliiKAEZZynokkrsdM+3MXvl0nrtOrWqmfleo3MUCSH5IhUiEvOSZ1ckwZpEk6APJAn8mwZ68V6nQ0WrPnGAfkD6+0H/lWT7w==</latexit>

0

<latexit sha1_base64="b/0c6KcwzkknjiiiX4p/N5ZctQQ=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESGFxrIRBDoi0VAGQR5SYkXnyyaccn7obg2KrHwCooOKDtHyA1T8BQWfQY/tpICEqUYzu9rZcUMpNFrWpzE3v7C4tJxbya+urW9sFra26zqIFIcaD2Sgmi7TIIUPNRQooRkqYJ4roeEOzlO/cQtKi8C/xmEIjsf6vugJzjCRrizzuFMoWqaVgc4Se0KKZ++l74+H9kG1U/hqdwMeeeAjl0zrlm2F6MRMoeASRvl2pCFkfMD60EqozzzQTpxFHdH9SDMMaAiKCkkzEX5vxMzTeui5yaTH8EZPe6n4n9eKsHfqxMIPIwSfp4dQSMgOaa5E0gHQrlCAyNLkQIVPOVMMEZSgjPNEjJJS8kkf9vT3s6R+aNpl8+jSKlbKZIwc2SV7pERsckIq5IJUSY1w0if35JE8GXfGs/FivI5H54zJzg75A+PtB281lZc=</latexit>

0.5

<latexit sha1_base64="K+FB5nJ5R5Tf8RRWrAOSCfTy7v0=">AAAB83icbVC7SgNBFJ31GeMramkzGITYhF2RaGfAxjIB84BkCbOTmzhk9sHMHSEs+QILG63sxNY/sPIvLPwMe3c3KTTxVIdz7uWee7xICo22/WktLa+srq3nNvKbW9s7u4W9/aYOjeLQ4KEMVdtjGqQIoIECJbQjBcz3JLS80VXqt+5AaREGNziOwPXZMBADwRkmUt3pFYp22c5AF4kzI8XL99L3x0P3pNYrfHX7ITc+BMgl07rj2BG6MVMouIRJvms0RIyP2BA6CQ2YD9qNs6ATemw0w5BGoKiQNBPh90bMfK3HvpdM+gxv9byXiv95HYODCzcWQWQQAp4eQiEhO6S5EkkDQPtCASJLkwMVAeVMMURQgjLOE9EkleSTPpz57xdJ87TsVMpndbtYrZApcuSQHJESccg5qZJrUiMNwgmQe/JInixjPVsv1ut0dMma7RyQP7DefgCL+pUh</latexit>

1

<latexit sha1_base64="rgAGNxM1T7gmWv+dNDTsD38t30w=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESGFxrIRBDoi0VAGQR5SYkXnyyaccn7obg2KrHwCooOKDtHyA1T8BQWfQY/tpICEqUYzu9rZcUMpNFrWpzE3v7C4tJxbya+urW9sFra26zqIFIcaD2Sgmi7TIIUPNRQooRkqYJ4roeEOzlO/cQtKi8C/xmEIjsf6vugJzjCRrmzzuFMoWqaVgc4Se0KKZ++l74+H9kG1U/hqdwMeeeAjl0zrlm2F6MRMoeASRvl2pCFkfMD60EqozzzQTpxFHdH9SDMMaAiKCkkzEX5vxMzTeui5yaTH8EZPe6n4n9eKsHfqxMIPIwSfp4dQSMgOaa5E0gHQrlCAyNLkQIVPOVMMEZSgjPNEjJJS8kkf9vT3s6R+aNpl8+jSKlbKZIwc2SV7pERsckIq5IJUSY1w0if35JE8GXfGs/FivI5H54zJzg75A+PtB3DGlZg=</latexit>

1.5

<latexit sha1_base64="jlH/ikzXmLx659o5RGFt1X0ieUI=">AAAB/nicbVDLSgNBEJyNrxhfUY+CDAYhXsKuiHqSgBePEcwDkhB6J504ZPbBTK8YloBfIehFT97Eq7/iwX9xN8lBE+tUVHXT1eWGShqy7S8rs7C4tLySXc2trW9sbuW3d2omiLTAqghUoBsuGFTSxypJUtgINYLnKqy7g8vUr9+hNjLwb2gYYtuDvi97UgAlUqtFeE9uLy7C0aiTL9gleww+T5wpKZT3n1I8Vzr571Y3EJGHPgkFxjQdO6R2DJqkUDjKtSKDIYgB9LGZUB88NO14nHnEDyMDFPAQNZeKj0X8vRGDZ8zQc5NJD+jWzHqp+J/XjKh33o6lH0aEvkgPkVQ4PmSElkkZyLtSIxGkyZFLnwvQQIRachAiEaOknVzShzP7/TypHZec09LJdVLMBZsgy/bYASsyh52xMrtiFVZlgoXskb2wV+vBerPerY/JaMaa7uyyP7A+fwAbdpoA</latexit>

(a)

<latexit sha1_base64="T8qN5d3r2Qjw7Yp4eyIHPv8+j9Y=">AAACG3icbVC7TsNAEDyHVwivACXNiYCgQJEdIQgdgoYySElAiq1ofSzhlPNDd2sEMvkEPoGvoIWKDtFSUPAvOCYFEKaandnV7o4fK2nItj+swsTk1PRMcbY0N7+wuFReXmmbKNECWyJSkT73waCSIbZIksLzWCMEvsIzv3889M+uURsZhU26jdELoBfKSymAMqlb3to46rqEN5TCwOXuncs7tu14Oy6v17M6d4LmYKNbrthVOwcfJ86IVNgIjW75072IRBJgSEKBMR3HjslLQZMUCgclNzEYg+hDDzsZDSFA46X5QwO+mRigiMeouVQ8F/HnRAqBMbeBn3UGQFfmrzcU//M6CV3WvVSGcUIYiuEikgrzRUZomSWF/EJqJILh5chlyAVoIEItOQiRiUkWXSnLw/n7/Thp16rOXnX3tFY5PBglU2RrbJ1tM4fts0N2whqsxQS7Z4/siT1bD9aL9Wq9fbcWrNHMKvsF6/0L4DOfng==</latexit>

Ba k [001], 88 mT

<latexit sha1_base64="ASdhKlIalI39yTwlIghzRAIZ/w8=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEysyC4xPjoSG0tM5JEAIXeHC06YfWTmroYQar/CVis7Y+t3WPgvzq4UCp7qzDn3NcePlTTkup9ObmV1bX0jv1nY2t7Z3SuW9psmSrTAhohUpNs+GFQyxAZJUtiONULgK2z546vUb92jNjIKb2kSYy+AUSiHUgBZqV8sNVGTfSmeTjACrFZ2K24Gvky8OSmzOer94ld3EIkkwJCEAmM6nhtTbwrpXIWzQjcxGIMYwwg7loYQoOlNs9Nn/DgxQBGPUXOpeCbi744pBMZMAt9WBkB3ZtFLxf+8TkLDi95UhnFCGIp0EUmF2SIjtLSZIB9IjUSQXo5chlyABiLUkoMQVkxsSAWbh7f4+2XSrFa8s8rpTbVcu5wnk2eH7IidMI+dsxq7ZnXWYII9sCf2zF6cR+fVeXPef0pzzrzngP2B8/ENKCCYfw==</latexit>

Vertical linescan
<latexit sha1_base64="T8qN5d3r2Qjw7Yp4eyIHPv8+j9Y=">AAACG3icbVC7TsNAEDyHVwivACXNiYCgQJEdIQgdgoYySElAiq1ofSzhlPNDd2sEMvkEPoGvoIWKDtFSUPAvOCYFEKaandnV7o4fK2nItj+swsTk1PRMcbY0N7+wuFReXmmbKNECWyJSkT73waCSIbZIksLzWCMEvsIzv3889M+uURsZhU26jdELoBfKSymAMqlb3to46rqEN5TCwOXuncs7tu14Oy6v17M6d4LmYKNbrthVOwcfJ86IVNgIjW75072IRBJgSEKBMR3HjslLQZMUCgclNzEYg+hDDzsZDSFA46X5QwO+mRigiMeouVQ8F/HnRAqBMbeBn3UGQFfmrzcU//M6CV3WvVSGcUIYiuEikgrzRUZomSWF/EJqJILh5chlyAVoIEItOQiRiUkWXSnLw/n7/Thp16rOXnX3tFY5PBglU2RrbJ1tM4fts0N2whqsxQS7Z4/siT1bD9aL9Wq9fbcWrNHMKvsF6/0L4DOfng==</latexit>

Ba k [001], 88 mT

<latexit sha1_base64="VztTFxJccKnYxvD+BItFPdRF2ys=">AAACDnicbVC7SgNBFJ2N7/iK2mkzGASrsCvioxOUYBkhiYFkCXfHGx2cnV1m7gohBPwEv8JWKzux9Rcs/BcncQs1nupwzn2eKFXSku9/eIWp6ZnZufmF4uLS8spqaW29aZPMCGyIRCWmFYFFJTU2SJLCVmoQ4kjhZXR7OvIv79BYmeg69VMMY7jWsicFkJO6pc3gjFfBEq+6iRINrxvQtpeYmHdLZb/ij8EnSZCTMstR65Y+O1eJyGLUJBRY2w78lMIBGJJC4bDYySymIG7hGtuOaojRhoPxD0O+k1mghKfuBKn4WMSfHQOIre3HkauMgW7sX28k/ue1M+odhQOp04xQi9EikgrHi6ww0oWD/EoaJILR5cil5gIMEKGRHIRwYubSKro8gr/fT5LmXiU4qOxf7JVPjvNk5tkW22a7LGCH7ISdsxprMMHu2SN7Ys/eg/fivXpv36UFL+/ZYL/gvX8BgD2bTQ==</latexit>

1D Fast Fourier Transform

<latexit sha1_base64="J45J4oDojGU0R0I9XpovAde2Q5s=">AAACA3icbVC7TgJBFJ3FF+ID1NJmIjHBZrNLjI+OxMbGBBN5JEDI3eGCE2YfmbljQgilX2GrlZ2x9UMs/BcXpFDwVCfn3Jt77gkSJQ153qeTWVldW9/Ibua2tnd284W9/bqJrRZYE7GKdTMAg0pGWCNJCpuJRggDhY1geDX1Gw+ojYyjOxol2AlhEMm+FECp1C3kb+KeVdbwErjWPeHdQtFzvRn4MvHnpMjmqHYLX+1eLGyIEQkFxrR8L6HOGDRJoXCSa1uDCYghDLCV0ghCNJ3xLPiEH1sDFPMENZeKz0T8vTGG0JhRGKSTIdC9WfSm4n9ey1L/ojOWUWIJIzE9RFLh7JARWqaNIO9JjUQwTY5cRlyABiLUkoMQqWjTinJpH/7i98ukXnb9M/f0tlysXM6bybJDdsRKzGfnrMKuWZXVmGCWPbFn9uI8Oq/Om/P+M5px5jsH7A+cj2+4VZZw</latexit> M
o
d
u
lu

s
(a

.u
.)

<latexit sha1_base64="0oErO3OTDMhuqMI+OLCA/uTUp7g=">AAAB73icbVC7TsNAEDyHVzCvQEtzIkIKTWQjFOiIREMZJPKQEis6XzbhlPNDd3tIkZUvoKCBio6WX6DiLyj4DHpsJwUkTDWa2dXOjh9LodFxPq3Cyura+kZx097a3tndK9n7LR0ZxaHJIxmpjs80SBFCEwVK6MQKWOBLaPvjq8xv34PSIgpvcRKDF7BRKIaCM0ylG6dfKjtVJwddJu6clC/fK98fj72TRr/01RtE3AQQIpdM667rxOglTKHgEqZ2z2iIGR+zEXRTGrIAtJfkQaf02GiGEY1BUSFpLsLvjYQFWk8CP50MGN7pRS8T//O6BocXXiLC2CCEPDuEQkJ+SHMl0gaADoQCRJYlBypCypliiKAEZZynokkrsdM+3MXvl0nrtOrWqmfleo3MUCSH5IhUiEvOSZ1ckwZpEk6APJAn8mwZ68V6nQ0WrPnGAfkD6+0H/lWT7w==</latexit>

0

<latexit sha1_base64="b/0c6KcwzkknjiiiX4p/N5ZctQQ=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESGFxrIRBDoi0VAGQR5SYkXnyyaccn7obg2KrHwCooOKDtHyA1T8BQWfQY/tpICEqUYzu9rZcUMpNFrWpzE3v7C4tJxbya+urW9sFra26zqIFIcaD2Sgmi7TIIUPNRQooRkqYJ4roeEOzlO/cQtKi8C/xmEIjsf6vugJzjCRrizzuFMoWqaVgc4Se0KKZ++l74+H9kG1U/hqdwMeeeAjl0zrlm2F6MRMoeASRvl2pCFkfMD60EqozzzQTpxFHdH9SDMMaAiKCkkzEX5vxMzTeui5yaTH8EZPe6n4n9eKsHfqxMIPIwSfp4dQSMgOaa5E0gHQrlCAyNLkQIVPOVMMEZSgjPNEjJJS8kkf9vT3s6R+aNpl8+jSKlbKZIwc2SV7pERsckIq5IJUSY1w0if35JE8GXfGs/FivI5H54zJzg75A+PtB281lZc=</latexit>

0.5

<latexit sha1_base64="K+FB5nJ5R5Tf8RRWrAOSCfTy7v0=">AAAB83icbVC7SgNBFJ31GeMramkzGITYhF2RaGfAxjIB84BkCbOTmzhk9sHMHSEs+QILG63sxNY/sPIvLPwMe3c3KTTxVIdz7uWee7xICo22/WktLa+srq3nNvKbW9s7u4W9/aYOjeLQ4KEMVdtjGqQIoIECJbQjBcz3JLS80VXqt+5AaREGNziOwPXZMBADwRkmUt3pFYp22c5AF4kzI8XL99L3x0P3pNYrfHX7ITc+BMgl07rj2BG6MVMouIRJvms0RIyP2BA6CQ2YD9qNs6ATemw0w5BGoKiQNBPh90bMfK3HvpdM+gxv9byXiv95HYODCzcWQWQQAp4eQiEhO6S5EkkDQPtCASJLkwMVAeVMMURQgjLOE9EkleSTPpz57xdJ87TsVMpndbtYrZApcuSQHJESccg5qZJrUiMNwgmQe/JInixjPVsv1ut0dMma7RyQP7DefgCL+pUh</latexit>

1

<latexit sha1_base64="iB2WkxvIkK5UzNCn7jiOHRwp9lE=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAh1U5Ii6koKblxWsA9oQplMb+vQSTLM3IglFPwKt7pyJ279FRf+i0nMQlvP6nDOvdxzj6+kMGjbn9bS8srq2nppo7y5tb2zW9nb75go1hzaPJKR7vnMgBQhtFGghJ7SwAJfQtefXGV+9x60EVF4i1MFXsDGoRgJzjCVXBfhAf1RUvNPZoNK1a7bOegicQpSJQVag8qXO4x4HECIXDJj+o6t0EuYRsElzMpubEAxPmFj6Kc0ZAEYL8kzz+hxbBhGVIGmQtJchN8bCQuMmQZ+OhkwvDPzXib+5/VjHF14iQhVjBDy7BAKCfkhw7VIywA6FBoQWZYcqAgpZ5ohghaUcZ6KcdpOOe3Dmf9+kXQadeesfnrTqDYvi2ZK5JAckRpxyDlpkmvSIm3CiSJP5Jm8WI/Wq/Vmvf+MLlnFzgH5A+vjG6EClg4=</latexit>

(b)

<latexit sha1_base64="0oErO3OTDMhuqMI+OLCA/uTUp7g=">AAAB73icbVC7TsNAEDyHVzCvQEtzIkIKTWQjFOiIREMZJPKQEis6XzbhlPNDd3tIkZUvoKCBio6WX6DiLyj4DHpsJwUkTDWa2dXOjh9LodFxPq3Cyura+kZx097a3tndK9n7LR0ZxaHJIxmpjs80SBFCEwVK6MQKWOBLaPvjq8xv34PSIgpvcRKDF7BRKIaCM0ylG6dfKjtVJwddJu6clC/fK98fj72TRr/01RtE3AQQIpdM667rxOglTKHgEqZ2z2iIGR+zEXRTGrIAtJfkQaf02GiGEY1BUSFpLsLvjYQFWk8CP50MGN7pRS8T//O6BocXXiLC2CCEPDuEQkJ+SHMl0gaADoQCRJYlBypCypliiKAEZZynokkrsdM+3MXvl0nrtOrWqmfleo3MUCSH5IhUiEvOSZ1ckwZpEk6APJAn8mwZ68V6nQ0WrPnGAfkD6+0H/lWT7w==</latexit>

0
<latexit sha1_base64="FZtzfxK8CL9ZjHgL+zY3wxmKLTk=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrIjCJSRaCiDRB5SYkXnyyY55Xy27taIyMov0EJFh2j5HQr+Bdu4gISpRjO72tnxIykMOs6nVVpb39jcKm9Xdnb39g+qh0cdE8aaQ5uHMtQ9nxmQQkEbBUroRRpY4Evo+rObzO8+gDYiVPc4j8AL2ESJseAMM8mx65fDas2xnRx0lbgFqZECrWH1azAKeRyAQi6ZMX3XidBLmEbBJSwqg9hAxPiMTaCfUsUCMF6SZ13Qs9gwDGkEmgpJcxF+byQsMGYe+OlkwHBqlr1M/M/rxzi+9hKhohhB8ewQCgn5IcO1SEsAOhIaEFmWHKhQlDPNEEELyjhPxThtpZL24S5/v0o6ddtt2Bd39VqzUTRTJifklJwTl1yRJrklLdImnEzJE3kmL9aj9Wq9We8/oyWr2Dkmf2B9fANtPpHn</latexit>

0.25
<latexit sha1_base64="5BghRVFrCbX6WAsygN9aPK4Ske8=">AAAB9nicbVC7TsNAEFzzDOEVoKQ5ESFRWXaEAmUkGsogkYeUWNH5sklOOT90t0ZEVn6BFio6RMvvUPAv2MEFJEw1mtnVzo4fK2nIcT6ttfWNza3t0k55d2//4LBydNw2UaIFtkSkIt31uUElQ2yRJIXdWCMPfIUdf3qT+50H1EZG4T3NYvQCPg7lSApOueTYNWdQqTq2swBbJW5BqlCgOah89YeRSAIMSShuTM91YvJSrkkKhfNyPzEYczHlY+xlNOQBGi9dZJ2z88RwiliMmknFFiL+3kh5YMws8LPJgNPELHu5+J/XS2h07aUyjBPCUOSHSCpcHDJCy6wEZEOpkYjnyZHJkAmuORFqybgQmZhkrZSzPtzl71dJu2a7dfvyrlZt1ItmSnAKZ3ABLlxBA26hCS0QMIEneIYX69F6td6s95/RNavYOYE/sD6+AWVzkeI=</latexit>

0.20
<latexit sha1_base64="X8rvTGKRv9oIjFx3rysIaRh/uiU=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrIjCJSRaCiDRB5SYkXnyyY55Xy27taIyMov0EJFh2j5HQr+Bdu4gISpRjO72tnxIykMOs6nVVpb39jcKm9Xdnb39g+qh0cdE8aaQ5uHMtQ9nxmQQkEbBUroRRpY4Evo+rObzO8+gDYiVPc4j8AL2ESJseAMM8mx3cthtebYTg66StyC1EiB1rD6NRiFPA5AIZfMmL7rROglTKPgEhaVQWwgYnzGJtBPqWIBGC/Jsy7oWWwYhjQCTYWkuQi/NxIWGDMP/HQyYDg1y14m/uf1Yxxfe4lQUYygeHYIhYT8kOFapCUAHQkNiCxLDlQoyplmiKAFZZynYpy2Ukn7cJe/XyWduu027Iu7eq3ZKJopkxNySs6JS65Ik9ySFmkTTqbkiTyTF+vRerXerPef0ZJV7ByTP7A+vgFrrpHm</latexit>

0.15
<latexit sha1_base64="+dfR+LuY83G9W/e6t9gKIHmCItY=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRWXaEAmUkGsogkYeUWNH6sklOOT90t0ZEUX6BFio6RMvvUPAv2MYFJEw1mtnVzo4fK2nIcT6ttfWNza3t0k55d2//4LBydNw2UaIFtkSkIt31waCSIbZIksJurBECX2HHn95kfucBtZFReE+zGL0AxqEcSQGUSY7tOoNK1bGdHHyVuAWpsgLNQeWrP4xEEmBIQoExPdeJyZuDJikULsr9xGAMYgpj7KU0hACNN8+zLvh5YoAiHqPmUvFcxN8bcwiMmQV+OhkATcyyl4n/eb2ERtfeXIZxQhiK7BBJhfkhI7RMS0A+lBqJIEuOXIZcgAYi1JKDEKmYpK2U0z7c5e9XSbtmu3X78q5WbdSLZkrslJ2xC+ayK9Zgt6zJWkywCXtiz+zFerRerTfr/Wd0zSp2TtgfWB/fY+OR4Q==</latexit>

0.10
<latexit sha1_base64="EuKg0JVhVzK+wHNKFaBqggW/fP4=">AAAB9nicbVC7TgJREJ3FF+ILtbS5kZhYkV2iaEliY4mJPBLYkLuXAW64+8i9s0ay4RdstbIztv6Ohf/iLm6h4Gnm5JyZzMzxIiUN2fanVVhb39jcKm6Xdnb39g/Kh0dtE8ZaYEuEKtRdjxtUMsAWSVLYjTRy31PY8aY3md95QG1kGNzTLELX5+NAjqTglEl21b4clCtpWYCtEicnFcjRHJS/+sNQxD4GJBQ3pufYEbkJ1ySFwnmpHxuMuJjyMfZSGnAfjZssbp2zs9hwClmEmknFFiL+nki4b8zM99JOn9PELHuZ+J/Xi2l07SYyiGLCQGSLSCpcLDJCyzQEZEOpkYhnlyOTARNccyLUknEhUjFOUymleTjL36+Sdq3q1KsXd7VKo54nU4QTOIVzcOAKGnALTWiBgAk8wTO8WI/Wq/Vmvf+0Fqx85hj+wPr4BmoekeU=</latexit>
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145 nm

FIGURE 3.10: Determination of the modulation pitch of the tilted conical
phase at 88 mT, performed via the commercial software Gwyddion. (a) Ver-
tical linescan, 3 µm long, showing minima and maxima of Bz. Cursors can
be used to calculate the period of the modulation, averaged over 19 periods.
The result is about 145 nm. (b) Modulus of the 1D Fast Fourier Transform,
as a function of the wavelength. The pitch can be calculated as 2π/k. This
analysis allows to distinguish contributions to the scan having different fre-
quencies, highlighted in red, violet and blue colors. (c) Drifts in the scan, with
a long pitch in the range 300 - 600 nm, due to small changes in experimental
conditions. (d) Magnetic modulation of the tilted conical phase, which has
the highest FFT modulus and a pitch of 145 nm. (e) Small pitch contribution

due to the pixel size.

The second way to determine the modulation period is to perform a 1D FFT,
over the same y range chosen for the vertical linescan. The Fourier transform is use-
ful to convert the signal into the frequency domain, where different contributions
can be filtered. An example is shown in Figure 3.10(b), where the modulus of the
FFT is plotted as function of the wavelength. Three peaks can be distinguished, well
spaced in the frequency domain. The real-space period characterizing each peak can
be calculated as 2π/k. A small wavelength region is marked in red color and its
corresponding signal is reported in Figure 3.10(c). These features have a long pitch
of 300 - 600 nm and are given by fluctuations in the scan due to small changes in
the experimental conditions. Not particularly relevant for the information encoded
in the scan is the contribution from the pixel size (about 13 nm), highlighted in blue
color and visible in Figure 3.10(e). The highest and sharpest peak in the FFT is the
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one reported in violet color, which is due to a strong magnetic signal with a specific
modulation period, as can be seen in Figure 3.10(d). The pitch is found to be 145 nm,
which is just a confirmation of what calculated with the first approach.
This process, repeated for every scanned magnetic image where periodic features
are observed, allows to know the modulation pitch as function of Ba.
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<latexit sha1_base64="FLnkwqMHTCi1tg1B3mRpz0brKdk=">AAACCnicbVDLSgNBEJz1GeMrKnjxMpgInsJuEBVECHjxGME8IBtD76STDJl9MNMrhDV/4Fd41ZM38epPePBf3MQcNLFORVU3XV1epKQh2/60FhaXlldWM2vZ9Y3Nre3czm7NhLEWWBWhCnXDA4NKBlglSQobkUbwPYV1b3A19uv3qI0Mg1saRtjyoRfIrhRAqdTO7Rdc6iOByy9dbt8lrpBajArtXN4u2hPweeJMSZ5NUWnnvtxOKGIfAxIKjGk6dkStBDRJoXCUdWODEYgB9LCZ0gB8NK1kkn/Ej2IDFPIINZeKT0T8vZGAb8zQ99JJH6hvZr2x+J/XjKl73kpkEMWEgRgfIqlwcsgILdNikHekRiIYJ0cuAy5AAxFqyUGIVIzTprJpH87s9/OkVio6p8WTm1K+fDFtJsMO2CE7Zg47Y2V2zSqsygR7YE/smb1Yj9ar9Wa9/4wuWNOdPfYH1sc3NyKZfg==</latexit>

✓ = 0�

<latexit sha1_base64="k1KEbDFrtHqHNlQIbFlVycs3aU4=">AAACC3icbVDLSgNBEJz1GeMr6sGDl8FE8BR2gy8QIeDFYwTzgGwMvZNOMmT2wUyvEJZ8gl/hVU/exKsf4cF/cRNz0MQ6FVXddFd5kZKGbPvTWlhcWl5Zzaxl1zc2t7ZzO7s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvcH12K8/oDYyDO5oGGHLh14gu1IApVI7t19wqY8ELr9yuXN6n7hCajEqtHN5u2hPwOeJMyV5NkWlnftyO6GIfQxIKDCm6dgRtRLQJIXCUdaNDUYgBtDDZkoD8NG0kkmAET+KDVDII9RcKj4R8fdGAr4xQ99LJ32gvpn1xuJ/XjOm7kUrkUEUEwZifIikwskhI7RMm0HekRqJYPw5chlwARqIUEsOQqRinFaVTftwZtPPk1qp6JwVT25L+fLltJkMO2CH7Jg57JyV2Q2rsCoTbMSe2DN7sR6tV+vNev8ZXbCmO3vsD6yPb7Zmmb4=</latexit>

✓ = 15�
<latexit sha1_base64="8LeccOeQM56bykapGpQUuehifdQ=">AAACC3icbVDLSgNBEJz1GeMr6sGDl8FE8BR2o6ggQsCLxwjmAdkYeiedZMjsg5leISz5BL/Cq568iVc/woP/4ibmoIl1Kqq66a7yIiUN2fantbC4tLyymlnLrm9sbm3ndnZrJoy1wKoIVagbHhhUMsAqSVLYiDSC7ymse4PrsV9/QG1kGNzRMMKWD71AdqUASqV2br/gUh8JXH7l8hP7PnGF1GJUaOfydtGegM8TZ0rybIpKO/fldkIR+xiQUGBM07EjaiWgSQqFo6wbG4xADKCHzZQG4KNpJZMAI34UG6CQR6i5VHwi4u+NBHxjhr6XTvpAfTPrjcX/vGZM3YtWIoMoJgzE+BBJhZNDRmiZNoO8IzUSwfhz5DLgAjQQoZYchEjFOK0qm/bhzKafJ7VS0Tkrnt6W8uXLaTMZdsAO2TFz2DkrsxtWYVUm2Ig9sWf2Yj1ar9ab9f4zumBNd/bYH1gf37Ggmbs=</latexit>

✓ = 30�

<latexit sha1_base64="k1KEbDFrtHqHNlQIbFlVycs3aU4=">AAACC3icbVDLSgNBEJz1GeMr6sGDl8FE8BR2gy8QIeDFYwTzgGwMvZNOMmT2wUyvEJZ8gl/hVU/exKsf4cF/cRNz0MQ6FVXddFd5kZKGbPvTWlhcWl5Zzaxl1zc2t7ZzO7s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvcH12K8/oDYyDO5oGGHLh14gu1IApVI7t19wqY8ELr9yuXN6n7hCajEqtHN5u2hPwOeJMyV5NkWlnftyO6GIfQxIKDCm6dgRtRLQJIXCUdaNDUYgBtDDZkoD8NG0kkmAET+KDVDII9RcKj4R8fdGAr4xQ99LJ32gvpn1xuJ/XjOm7kUrkUEUEwZifIikwskhI7RMm0HekRqJYPw5chlwARqIUEsOQqRinFaVTftwZtPPk1qp6JwVT25L+fLltJkMO2CH7Jg57JyV2Q2rsCoTbMSe2DN7sR6tV+vNev8ZXbCmO3vsD6yPb7Zmmb4=</latexit>

✓ = 15�
<latexit sha1_base64="8LeccOeQM56bykapGpQUuehifdQ=">AAACC3icbVDLSgNBEJz1GeMr6sGDl8FE8BR2o6ggQsCLxwjmAdkYeiedZMjsg5leISz5BL/Cq568iVc/woP/4ibmoIl1Kqq66a7yIiUN2fantbC4tLyymlnLrm9sbm3ndnZrJoy1wKoIVagbHhhUMsAqSVLYiDSC7ymse4PrsV9/QG1kGNzRMMKWD71AdqUASqV2br/gUh8JXH7l8hP7PnGF1GJUaOfydtGegM8TZ0rybIpKO/fldkIR+xiQUGBM07EjaiWgSQqFo6wbG4xADKCHzZQG4KNpJZMAI34UG6CQR6i5VHwi4u+NBHxjhr6XTvpAfTPrjcX/vGZM3YtWIoMoJgzE+BBJhZNDRmiZNoO8IzUSwfhz5DLgAjQQoZYchEjFOK0qm/bhzKafJ7VS0Tkrnt6W8uXLaTMZdsAO2TFz2DkrsxtWYVUm2Ig9sWf2Yj1ar9ab9f4zumBNd/bYH1gf37Ggmbs=</latexit>

✓ = 30�

<latexit sha1_base64="lmSh6PTxQpDJsv39bhBRKDLoKbM=">AAACCHicbVDJTgJBEO3BDXEbl5uXjmDiCWeIcbmRePGIiSwJEFLTFNihZ0l3jREn/IBf4VVP3oxX/8KD/+KAHBR8p5f3XqWqnhcpachxPq3MwuLS8kp2Nbe2vrG5ZW/v1EwYa4FVEapQNzwwqGSAVZKksBFpBN9TWPcGl2O/fofayDC4oWGEbR/6gexJAZRKHXuv0FJpugudFuE9Jf7ouFTo2Hmn6EzA54k7JXk2RaVjf7W6oYh9DEgoMKbpOhG1E9AkhcJRrhUbjEAMoI/NlAbgo2knk+tH/DA2QCGPUHOp+ETE3xMJ+MYMfS9N+kC3ZtYbi/95zZh65+1EBlFMGIjxIpIKJ4uM0DKtBXlXaiSC8eXIZcAFaCBCLTkIkYpx2lMu7cOd/X6e1EpF97R4cl3Kly+mzWTZPjtgR8xlZ6zMrliFVZlgD+yJPbMX69F6td6s959oxprO7LI/sD6+AalTmUE=</latexit>

�m/2
<latexit sha1_base64="lmSh6PTxQpDJsv39bhBRKDLoKbM=">AAACCHicbVDJTgJBEO3BDXEbl5uXjmDiCWeIcbmRePGIiSwJEFLTFNihZ0l3jREn/IBf4VVP3oxX/8KD/+KAHBR8p5f3XqWqnhcpachxPq3MwuLS8kp2Nbe2vrG5ZW/v1EwYa4FVEapQNzwwqGSAVZKksBFpBN9TWPcGl2O/fofayDC4oWGEbR/6gexJAZRKHXuv0FJpugudFuE9Jf7ouFTo2Hmn6EzA54k7JXk2RaVjf7W6oYh9DEgoMKbpOhG1E9AkhcJRrhUbjEAMoI/NlAbgo2knk+tH/DA2QCGPUHOp+ETE3xMJ+MYMfS9N+kC3ZtYbi/95zZh65+1EBlFMGIjxIpIKJ4uM0DKtBXlXaiSC8eXIZcAFaCBCLTkIkYpx2lMu7cOd/X6e1EpF97R4cl3Kly+mzWTZPjtgR8xlZ6zMrliFVZlgD+yJPbMX69F6td6s959oxprO7LI/sD6+AalTmUE=</latexit>

�m/2

<latexit sha1_base64="+IpKt1Vq457DYt0T1KbH8TKRWwk=">AAACBnicbVC7TgJBFJ31ifhasbSZCCZWZJcYNbEhsbHERB4JEHJ3uOCE2Udm7hrIht6vsNXKztj6Gxb+iwtuoeCpTs45N/fe40VKGnKcT2tldW19YzO3ld/e2d3btw8KDRPGWmBdhCrULQ8MKhlgnSQpbEUawfcUNr3R9cxvPqA2MgzuaBJh14dhIAdSAKVSzy6UOipN96HXIRxTIqalnl10ys4cfJm4GSmyDLWe/dXphyL2MSChwJi260TUTUCTFAqn+U5sMAIxgiG2UxqAj6abzG+f8pPYAIU8Qs2l4nMRf08k4Bsz8b006QPdm0VvJv7ntWMaXHYTGUQxYSBmi0gqnC8yQsu0FOR9qZEIZpcjlwEXoIEIteQgRCrGaUv5tA938ftl0qiU3fPy2W2lWL3KmsmxI3bMTpnLLliV3bAaqzPBxuyJPbMX69F6td6s95/oipXNHLI/sD6+AaqHmMQ=</latexit>

�c

<latexit sha1_base64="+IpKt1Vq457DYt0T1KbH8TKRWwk=">AAACBnicbVC7TgJBFJ31ifhasbSZCCZWZJcYNbEhsbHERB4JEHJ3uOCE2Udm7hrIht6vsNXKztj6Gxb+iwtuoeCpTs45N/fe40VKGnKcT2tldW19YzO3ld/e2d3btw8KDRPGWmBdhCrULQ8MKhlgnSQpbEUawfcUNr3R9cxvPqA2MgzuaBJh14dhIAdSAKVSzy6UOipN96HXIRxTIqalnl10ys4cfJm4GSmyDLWe/dXphyL2MSChwJi260TUTUCTFAqn+U5sMAIxgiG2UxqAj6abzG+f8pPYAIU8Qs2l4nMRf08k4Bsz8b006QPdm0VvJv7ntWMaXHYTGUQxYSBmi0gqnC8yQsu0FOR9qZEIZpcjlwEXoIEIteQgRCrGaUv5tA938ftl0qiU3fPy2W2lWL3KmsmxI3bMTpnLLliV3bAaqzPBxuyJPbMX69F6td6s95/oipXNHLI/sD6+AaqHmMQ=</latexit>

�c

<latexit sha1_base64="+IpKt1Vq457DYt0T1KbH8TKRWwk=">AAACBnicbVC7TgJBFJ31ifhasbSZCCZWZJcYNbEhsbHERB4JEHJ3uOCE2Udm7hrIht6vsNXKztj6Gxb+iwtuoeCpTs45N/fe40VKGnKcT2tldW19YzO3ld/e2d3btw8KDRPGWmBdhCrULQ8MKhlgnSQpbEUawfcUNr3R9cxvPqA2MgzuaBJh14dhIAdSAKVSzy6UOipN96HXIRxTIqalnl10ys4cfJm4GSmyDLWe/dXphyL2MSChwJi260TUTUCTFAqn+U5sMAIxgiG2UxqAj6abzG+f8pPYAIU8Qs2l4nMRf08k4Bsz8b006QPdm0VvJv7ntWMaXHYTGUQxYSBmi0gqnC8yQsu0FOR9qZEIZpcjlwEXoIEIteQgRCrGaUv5tA938ftl0qiU3fPy2W2lWL3KmsmxI3bMTpnLLliV3bAaqzPBxuyJPbMX69F6td6s95/oipXNHLI/sD6+AaqHmMQ=</latexit>

�c

<latexit sha1_base64="3tH0hfBBLdKqtlBQfPiIFNNgrXA=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBhPBU9gNooKXoBePEcwDkiX0TjpxyOyDmV4xLAG/wquevIlXf8WD/+JuzEET61RUddPV5UVKGrLtTyu3tLyyupZfL2xsbm3vFHf3miaMtcCGCFWo2x4YVDLABklS2I40gu8pbHmjq8xv3aM2MgxuaRyh68MwkAMpgFKpW77sdQkfKIFJuVcs2RV7Cr5InBkpsRnqveJXtx+K2MeAhAJjOo4dkZuAJikUTgrd2GAEYgRD7KQ0AB+Nm0wzT/hRbIBCHqHmUvGpiL83EvCNGfteOukD3Zl5LxP/8zoxDc7dRAZRTBiI7BBJhdNDRmiZloG8LzUSQZYcuQy4AA1EqCUHIVIxTtsppH04898vkma14pxWTm6qpdrFrJk8O2CH7Jg57IzV2DWrswYTLGJP7Jm9WI/Wq/Vmvf+M5qzZzj77A+vjG0/lldo=</latexit>

Ba
<latexit sha1_base64="2JA/8D6rrfnz2A3ATIXSLRmiJGA=">AAAB9XicbVC7TsNAEDyHVwivACXNiQSJKrIjBEg0kWgogyAPKbGi82UTTjmfzd0aFFn5BFqo6BAt30PBv2AbF5Aw1WhmVzs7XiiFQdv+tApLyyura8X10sbm1vZOeXevbYJIc2jxQAa66zEDUihooUAJ3VAD8z0JHW9ymfqdB9BGBOoWpyG4PhsrMRKcYSLdVO+rg3LFrtkZ6CJxclIhOZqD8ld/GPDIB4VcMmN6jh2iGzONgkuYlfqRgZDxCRtDL6GK+WDcOIs6o0eRYRjQEDQVkmYi/N6ImW/M1PeSSZ/hnZn3UvE/rxfh6NyNhQojBMXTQygkZIcM1yLpAOhQaEBkaXKgQlHONEMELSjjPBGjpJRS0ocz//0iaddrzmnt5LpeaVzkzRTJATkkx8QhZ6RBrkiTtAgnY/JEnsmL9Wi9Wm/W+89owcp39skfWB/fNrOR1g==</latexit>q<latexit sha1_base64="2JA/8D6rrfnz2A3ATIXSLRmiJGA=">AAAB9XicbVC7TsNAEDyHVwivACXNiQSJKrIjBEg0kWgogyAPKbGi82UTTjmfzd0aFFn5BFqo6BAt30PBv2AbF5Aw1WhmVzs7XiiFQdv+tApLyyura8X10sbm1vZOeXevbYJIc2jxQAa66zEDUihooUAJ3VAD8z0JHW9ymfqdB9BGBOoWpyG4PhsrMRKcYSLdVO+rg3LFrtkZ6CJxclIhOZqD8ld/GPDIB4VcMmN6jh2iGzONgkuYlfqRgZDxCRtDL6GK+WDcOIs6o0eRYRjQEDQVkmYi/N6ImW/M1PeSSZ/hnZn3UvE/rxfh6NyNhQojBMXTQygkZIcM1yLpAOhQaEBkaXKgQlHONEMELSjjPBGjpJRS0ocz//0iaddrzmnt5LpeaVzkzRTJATkkx8QhZ6RBrkiTtAgnY/JEnsmL9Wi9Wm/W+89owcp39skfWB/fNrOR1g==</latexit>q

<latexit sha1_base64="3tH0hfBBLdKqtlBQfPiIFNNgrXA=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBhPBU9gNooKXoBePEcwDkiX0TjpxyOyDmV4xLAG/wquevIlXf8WD/+JuzEET61RUddPV5UVKGrLtTyu3tLyyupZfL2xsbm3vFHf3miaMtcCGCFWo2x4YVDLABklS2I40gu8pbHmjq8xv3aM2MgxuaRyh68MwkAMpgFKpW77sdQkfKIFJuVcs2RV7Cr5InBkpsRnqveJXtx+K2MeAhAJjOo4dkZuAJikUTgrd2GAEYgRD7KQ0AB+Nm0wzT/hRbIBCHqHmUvGpiL83EvCNGfteOukD3Zl5LxP/8zoxDc7dRAZRTBiI7BBJhdNDRmiZloG8LzUSQZYcuQy4AA1EqCUHIVIxTtsppH04898vkma14pxWTm6qpdrFrJk8O2CH7Jg57IzV2DWrswYTLGJP7Jm9WI/Wq/Vmvf+M5qzZzj77A+vjG0/lldo=</latexit>

Ba
<latexit sha1_base64="3tH0hfBBLdKqtlBQfPiIFNNgrXA=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBhPBU9gNooKXoBePEcwDkiX0TjpxyOyDmV4xLAG/wquevIlXf8WD/+JuzEET61RUddPV5UVKGrLtTyu3tLyyupZfL2xsbm3vFHf3miaMtcCGCFWo2x4YVDLABklS2I40gu8pbHmjq8xv3aM2MgxuaRyh68MwkAMpgFKpW77sdQkfKIFJuVcs2RV7Cr5InBkpsRnqveJXtx+K2MeAhAJjOo4dkZuAJikUTgrd2GAEYgRD7KQ0AB+Nm0wzT/hRbIBCHqHmUvGpiL83EvCNGfteOukD3Zl5LxP/8zoxDc7dRAZRTBiI7BBJhdNDRmiZloG8LzUSQZYcuQy4AA1EqCUHIVIxTtsppH04898vkma14pxWTm6qpdrFrJk8O2CH7Jg57IzV2DWrswYTLGJP7Jm9WI/Wq/Vmvf+M5qzZzj77A+vjG0/lldo=</latexit>

Ba
<latexit sha1_base64="2JA/8D6rrfnz2A3ATIXSLRmiJGA=">AAAB9XicbVC7TsNAEDyHVwivACXNiQSJKrIjBEg0kWgogyAPKbGi82UTTjmfzd0aFFn5BFqo6BAt30PBv2AbF5Aw1WhmVzs7XiiFQdv+tApLyyura8X10sbm1vZOeXevbYJIc2jxQAa66zEDUihooUAJ3VAD8z0JHW9ymfqdB9BGBOoWpyG4PhsrMRKcYSLdVO+rg3LFrtkZ6CJxclIhOZqD8ld/GPDIB4VcMmN6jh2iGzONgkuYlfqRgZDxCRtDL6GK+WDcOIs6o0eRYRjQEDQVkmYi/N6ImW/M1PeSSZ/hnZn3UvE/rxfh6NyNhQojBMXTQygkZIcM1yLpAOhQaEBkaXKgQlHONEMELSjjPBGjpJRS0ocz//0iaddrzmnt5LpeaVzkzRTJATkkx8QhZ6RBrkiTtAgnY/JEnsmL9Wi9Wm/W+89owcp39skfWB/fNrOR1g==</latexit>q

<latexit sha1_base64="KDoAmMf+LrSXhmgFlJvLMZs1bCU=">AAACBXicbVA9TwJBEN3DL8Qv0NJmI5hYkTti1MSGxMYSEwETIGRuGWDD3kd25zTkQu2vsNXKztj6Oyz8L96dFAq+6uW9mcyb54ZKGrLtTyu3srq2vpHfLGxt7+zuFUv7LRNEWmBTBCrQdy4YVNLHJklSeBdqBM9V2HYnV6nfvkdtZODf0jTEngcjXw6lAEqkfrFU6XpAY3cYd2mMBLNKv1i2q3YGvkycOSmzORr94ld3EIjIQ5+EAmM6jh1SLwZNUiicFbqRwRDEBEbYSagPHppenEWf8ePIAAU8RM2l4pmIvzdi8IyZem4ymeY0i14q/ud1Ihpe9GLphxGhL9JDJBVmh4zQMukE+UBqJII0OXLpcwEaiFBLDkIkYpSUVEj6cBa/XyatWtU5q57e1Mr1y3kzeXbIjtgJc9g5q7Nr1mBNJtgDe2LP7MV6tF6tN+v9ZzRnzXcO2B9YH9/qNJha</latexit>

✓
<latexit sha1_base64="KDoAmMf+LrSXhmgFlJvLMZs1bCU=">AAACBXicbVA9TwJBEN3DL8Qv0NJmI5hYkTti1MSGxMYSEwETIGRuGWDD3kd25zTkQu2vsNXKztj6Oyz8L96dFAq+6uW9mcyb54ZKGrLtTyu3srq2vpHfLGxt7+zuFUv7LRNEWmBTBCrQdy4YVNLHJklSeBdqBM9V2HYnV6nfvkdtZODf0jTEngcjXw6lAEqkfrFU6XpAY3cYd2mMBLNKv1i2q3YGvkycOSmzORr94ld3EIjIQ5+EAmM6jh1SLwZNUiicFbqRwRDEBEbYSagPHppenEWf8ePIAAU8RM2l4pmIvzdi8IyZem4ymeY0i14q/ud1Ihpe9GLphxGhL9JDJBVmh4zQMukE+UBqJII0OXLpcwEaiFBLDkIkYpSUVEj6cBa/XyatWtU5q57e1Mr1y3kzeXbIjtgJc9g5q7Nr1mBNJtgDe2LP7MV6tF6tN+v9ZzRnzXcO2B9YH9/qNJha</latexit>

✓
<latexit sha1_base64="90AXw02TKP5XGwsR2Gct3JkAcHE=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESGFJrIjBBQUkWgog0QeUmxF58s6nHK2T3drRGRF4itooaJDtPwKBf+CY1xAwlSjmV3t7PhKCoO2/WktLa+srq2XNsqbW9s7u5W9/Y6JE82hzWMZ657PDEgRQRsFSugpDSz0JXT98dXM796DNiKObnGiwAvZKBKB4AwzyXURHtAP0lpwMh1UqnbdzkEXiVOQKinQGlS+3GHMkxAi5JIZ03dshV7KNAouYVp2EwOK8TEbQT+jEQvBeGmeeUqPE8Mwpgo0FZLmIvzeSFlozCT0s8mQ4Z2Z92bif14/weDCS0WkEoSIzw6hkJAfMlyLrAygQ6EBkc2SAxUR5UwzRNCCMs4zMcnaKWd9OPPfL5JOo+6c1U9vGtXmZdFMiRySI1IjDjknTXJNWqRNOFHkiTyTF+vRerXerPef0SWr2Dkgf2B9fAOmrJYQ</latexit>

(f)

<latexit sha1_base64="+Bf9LfUu2K4iIZfR3cZKkGAsTZU=">AAAB/nicbVC7SgNBFJ31GeMramkzGITYhN0gamERsLGMYB6QDeHu5CYOmX0wc1cMS8CvsNXKTmz9FQv/xc26hSae6nDOvdxzjxcpaci2P62l5ZXVtfXCRnFza3tnt7S33zJhrAU2RahC3fHAoJIBNkmSwk6kEXxPYdsbX8389j1qI8PgliYR9nwYBXIoBVAquS7hA3nDpAIn036pbFftDHyRODkpsxyNfunLHYQi9jEgocCYrmNH1EtAkxQKp0U3NhiBGMMIuykNwEfTS7LMU34cG6CQR6i5VDwT8fdGAr4xE99LJ32gOzPvzcT/vG5Mw4teIoMoJgzE7BBJhdkhI7RMy0A+kBqJYJYcuQy4AA1EqCUHIVIxTtsppn04898vklat6pxVT29q5fpl3kyBHbIjVmEOO2d1ds0arMkEi9gTe2Yv1qP1ar1Z7z+jS1a+c8D+wPr4Bp7Xlgs=</latexit>

(a)
<latexit sha1_base64="b/8EC+7xYuSrd9uF3dSTw/plxr0=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESGFJrIjBBQUkWgog0QeUmxF58smnHK2T3drRGRF4itooaJDtPwKBf+CbVxAwlSjmV3t7PhKCoO2/WktLa+srq2XNsqbW9s7u5W9/Y6JYs2hzSMZ6Z7PDEgRQhsFSugpDSzwJXT9yVXmd+9BGxGFtzhV4AVsHIqR4AxTyXURHtAfJTX/ZDaoVO26nYMuEqcgVVKgNah8ucOIxwGEyCUzpu/YCr2EaRRcwqzsxgYU4xM2hn5KQxaA8ZI884wex4ZhRBVoKiTNRfi9kbDAmGngp5MBwzsz72Xif14/xtGFl4hQxQghzw6hkJAfMlyLtAygQ6EBkWXJgYqQcqYZImhBGeepGKftlNM+nPnvF0mnUXfO6qc3jWrzsmimRA7JEakRh5yTJrkmLdImnCjyRJ7Ji/VovVpv1vvP6JJV7ByQP7A+vgGgaJYM</latexit>

(b)
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INCREASING Ba

FIGURE 3.11: Spin configuration in the tilted conical phase, simulated via
the software Spirit [122], as seen from surface view and side view. When a
strong enough magnetic field Ba is applied, spins rotate around the q vector,
which is tilted from the field direction by a certain angle θ, increasing with Ba.
For matter of simplicity, in the rotation of the spins around the q vector, the
tilting of the spins towards the field direction is omitted. The tilted conical
modulation has a pitch λc ' 66 nm, which is the period after which spins
recover the original orientation. This is visible in (d)-(f). The top row (a)-(c)
shows the projection of the spin planes on the crystal surface, which defines
the signal measured by the SOT. The projection gives rise to a tilted conical
modulation with a new pitch λm. By knowing λc and λm, the angle θ is

determined by Eq. 3.4.

At this point, we are interested in explaining what the measured period of the
magnetic modulations in the tilted conical phase means in terms of spin configura-
tion inside the crystal. The description is supported by Figure 3.11, where the spin
arrangement is simulated by the magnetic simulation framework Spirit [122]. For
matter of simplicity and ease to distinguish the spin directions, the simulations do
not take into account the tilting of the spins towards the magnetic field direction,
happening in the conical phase, but only the tilting of the q vector by a certain angle
θ with respect to the magnetic field axis. Figure 3.11(a)-(c) describe how the spins
dispose at three different angles, as seen from the top, which corresponds to the
projection along z measured by the SOT. Contrary, Figure 3.11(d)-(f) show the same
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phase as looking from the side, revealing the true spin configuration inside the crys-
tal.
Let start by considering the situation at θ = 0◦, depicted in Figure 3.11(a),(d), which
can be considered as the beginning of the tilted conical phase. The fact that θ = 0◦

means that spins are rotating forming cones around the q vector, which is aligned
with the Ba direction. Spins recover their original orientation after a period λc, which
is known from literature to be about 66 nm. In this situation where no tilting of the q
vector occurs, the projection of the spin planes on the crystal surface transduces into
a lack of magnetic modulations in the x-y plane.
An important change is observed when Ba is increased, in such a way the q vector
gets tilted away from the z direction by an angle θ 6= 0◦. This is shown in Fig-
ure 3.11(b),(e), where we consider θ = 15◦. The spins keep rotating around q with a
periodicity that can be approximed as constant. In reality, λc slightly increases with
the magnetic field (from 64 nm to 68 nm), as reported by the SANS measurements by
Chacon et al. [11], however the change is so mild that we assume a constant λc = 66
nm. When the spin planes get projected on the crystal surface, magnetic modula-
tions appear, with a period λm, which is the one found in the scanning images. In
Figure 3.11(c),(f), the tilting of the q vector is further emphasized, which leads to a
smaller modulation pitch if looking from the top.
By knowing λc and by measuring λm from the scanning images, simple trigonome-
try can be used to access the value of θ:

sin θ =
λc

λm
(3.4)

Figure 3.12 shows a comparison between the θ from our experiment (Figure 3.12(b)),
calculated by using Eq. 3.4, and the reference data measured by SANS (Figure 3.12(a)).
Here the relevant data are the dark grey squares, measured under condition of ZFC.
In the calculation of theta, a relative error of about ±2% is estimated mainly due to
the approximation of constant λc and in second place due a small imprecision in de-
termining λm. The error is not shown in the plot, because it is smaller than the dot
size.
Starting from zero field up to 58 mT, no periodic magnetic features are observed.
This corresponds to a infinite modulation pitch, therefore θ = 0. This makes sense,
because in the helical phase no tilting of the q vector with respect to the field takes
place.
The entrance in the tilted conical phase, at Ba = 60 mT, is characterized by magnetic
modulations with a long period of 1.6 - 2 µm, corresponding to small angles about
2◦. This mild tilting remains constant up to Ba = 70 mT. When Ba = 73 mT the
period changes from 1.6 µm to 190 nm, meaning that θ transitions from 2◦ to 20◦.
More data points in this 3 mT range would be needed to investigate the tilting of the
q vector and understand how sharp the increase is. Unfortunately, due to the hys-
teresis in the magnetic behavior, it was not possible to lower Ba and take more data
points to fill the gap in between 70 mT and 73 mT. The only possibility to deeply
study the transition from helical to tilted conical phase would have been heating the
crystal above 65 K and performing a new ZFC study.

With the raising of the magnetic field, the angle θ progressively increases to about
27◦, as the modulation pitch is reduced from 190 nm down to 143 nm. Above 100 mT,
in order to look for skyrmion nucleation, magnetic scans are repeated at intervals of
1 mT. For clarity, in the graph in Figure 3.12(b) only few points are reported. No fur-
ther increase of the angle is noticed, until the spins transition to the field-polarized
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FIGURE 3.12: Dependence of the angle θ of the tilted conical modulation
with respect to the Ba axis, as function of Ba, which is not corrected by the
demagnetization field. (a) SANS measurements from [11]. The relevant data
for our experiment are the ones about tilted conical phase under ZFC proto-
col. (b) θ plotted as function of Ba. The values of θ are calculated using Eq.
3.4. λc = 66 nm, from [11], is assumed to be constant with Ba, while λm is
measured as discussed in Figure 3.11. A relative error of ±2% is estimated,
due to the approximation of constant λc and the imprecision in determining
λm from the data analysis. The error is smaller than the dot size. A good

agreement can be noticed with the data reported by Chacon via SANS.

state and the periodic features disappear.
At this point, it is interesting to compare our data to the ones in Figure 3.12(a), re-
minding that our field is not corrected due to the demagnetization field. A good
agreement can be found between the two set of data, especially for what concerns
the transition from no tilting to θ = 20◦ and the maximum value of θ around 30
degrees.
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Summary and Outlook

SOT sensors are one of the most powerful tools to perform magnetic scanning ex-
periments at the nanoscale. The excellent SOT magnetic and thermal responses are
associated to a small superconducting ring diameter, which allows for a fine, tunable
spatial resolution. These qualities take on significant importance, since the SQUID
ring is located at the apex of a capillary that can be approached few tens of nanome-
ters far from the surface of the sample under investigation. This leads to the possi-
bility of locally studying 2D maps of DC and AC stray magnetic fields, at cryogenic
temperature and under external magnetic field up to few T, with low invasiveness.
In this thesis work, we have shown multiple techniques to coat the quartz capil-
laries with different superconducting materials, which results in a tunability of the
main SOT properties, such as critical field, temperature and magnetic response, over
a broad range. An example of the high potential of SOT magnetometry was pre-
sented, where different magnetic phases of a bulk chiral crystal were investigated in
real-space and with a spatial resolution below 100 nm.
In the following the results concerning the sensor fabrication, the material properties
and the magnetic imaging study of Cu2OSeO3 will be summarized. The conclusion
will be an outlook about general comments on the SOT technique, future improve-
ments and new possible samples to investigate.

Summary of SOT sensors

In Chapter 2, SOT sensors made of three materials, each of them deposited via a dif-
ferent deposition technique, were presented.
The original choice is to fabricate SOT with thermally evaporated Pb, due to the of-
fered extremely low magnetic flux noise (about 50 nΦ0/

√
Hz at 4.2 K [54]). The Pb

SOT fabrication relies on the material softness in order to coat the pipette curved
surface and achieve a high quality thin superconducting film. Due to the percola-
tion length and high mobility at room temperature, cooling the pipette to cryogenic
temperature is required. The necessity to cool the pipette and the influence that this
process has on the Pb film quality makes the Pb SOT fabrication not straightforward.
Another complication is the fast and strong oxidation of Pb films when exposed to
oxygen. This limits the amount of time (approx 30 minutes) that the SOT can survive
in air before the superconducting properties degrade and suddenly quench. This
property influences the way we need to handle such sensors while mounting them
in the microscope probe and the speed that is required to complete all the prepa-
ration steps, with no space for mistakes. More complications are observed when
shrinking the apex diameter below 100 nm or, even worse, close to 50 nm.
Our experience with Pb limits it for the experiments where a diameter bigger than
100 nm, ideally close to 200 nm, is required. In fact, bigger sensors turn out to be
more robust and with a higher probability to survive the cool down process. The
Pb fragility is compensated by its excellent properties: working up to 7 K, up to an
applied magnetic field of 2 T at 300 mK [8] and achieving a magnetic flux noise of
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few tens of nΦ0/
√

Hz [8, 54].

The development of SOT made of MoGe is motivated by the aim to achieve a sen-
sor that can work in the mK temperature regime and well performs in presence of
high applied magnetic field. The MoGe deposition combines two elements that are
the key for the incoming years of SOT fabrication: quartz capillaries with four sym-
metric grooves, which help in maintaining a superconducting gap when the apex
diameter gets shrinked to its limits, and magnetron sputtering technique, which can
deposit elemental materials as well as compounds and is well known to provide
high quality, thin films.
A way of combining magnetron sputtering and ballistic-flow deposition from point-
like source is presented, based on establishing a differential pressure between the
zone of the metal target and the quartz capillary to be coated and on using a narrow
slit to collimate the plasma. This strategy allows to achieve a quasi-ballistic deposi-
tion technique and fabricate SOT with diameter close to 50 nm.
MoGe SOTs work from the mK temperature regime up to 5 K and were tested up to a
applied magnetic field of 3 T at 450 mK. The smallest tested SOTs have a diameter of
60 - 70 nm, providing a high spatial resolution. The most appreciated characteristic
is without any doubt the reliability of the fabrication process, showing a yield rate
of 80% or more, and the robustness of SOTs in handling thermal cycles.
On the other hand, the measured magnetic response can not be compared to the
one achieved by Pb SOTs. A typical MoGe SOT shows a magnetic flux noise of
5 µΦ0/

√
Hz at 4.2 K, which is two orders of magnitude worse than the value re-

ported for Pb SOTs. However, for many interesting samples, such as the investigated
Cu2OSeO3, the magnetic response of MoGe SOTs is high enough.

Nb SOT are meant to be a compromise between the qualities of Pb and MoGe,
combining a high magnetic response to a broad temperature and magnetic field
working range. The Nb deposition makes use of the magnetron sputtering tech-
nique introduced for MoGe, with the major difference of the removal of the differ-
ential pressure setup. The traditional sputtering deposition provides higher quality
thin films, and at the same time the presence of a superconducting gap between the
electrodes is guaranteed by the four grooves. To avoid contamination of the bot-
tom and top Nb layers from quartz and oxidation, the Nb film is protected by few
nanometers of Ti. This leads to a thin Ti/Nb/Ti film with a critical temperature com-
parable to the one reported for bulk material.
A full set of data for a ∅180 nm Nb SOT was reported, showing at 4.2 K a critical
field of almost 1 T and a magnetic field noise below 200 nT/

√
Hz, corresponding to

a magnetic flux noise of 2 µΦ0/
√

Hz. This magnetic response is considerably higher
than the one offered by MoGe, but still not close to the limit imposed by Pb.
The step in performance from the MoGe SOT seems to cost in terms of success rate
of the fabrication process. Even when protected by the Ti layers, the Nb film is very
reactive to small changes in the deposited amount, in such a way more effort is re-
quired to get a working SOT if compared to MoGe. Margins of improvement can still
be achieved by tuning parameters in the sputtering recipe, such as power, plasma
density and thickness of the protection layers.
The fabrication of SOT via direct sputtering deposition on grooved capillaries re-
mains a remarkable result, since it paves to way for achieving high quality thin films
from an entire class of elemental metals and material compounds that can expand
the range of tunability of the SOT properties.
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Summary of Cu2OSeO3 investigation

Chapter 3 has focused on a SPM experiment on the chiral magnet Cu2OSeO3, per-
formed by using a sub-100 nm diameter MoGe SOT. The interest on this material by
the scientific community in the last ten years is motivated by the fact that Cu2OSeO3
is the first insulating material where a magnetic skyrmion lattice was found, with
a lattice constant of 60 - 70 nm. Since the material is an insulator, skyrmions can
be manipulated by an external magnetic field, with a negligible energy dissipation.
This low-cost manipulation is a quite promising ingredient for technological appli-
cations in the fields of communication and information storage.
Our research on this material had the target of investigating the behavior of a bulk
crystal of Cu2OSeO3, with the top surface polished for SPM experiments. Follow-
ing the references available in literature [11], the study was performed at cryogenic
temperature, in presence of an applied magnetic field, parallel to the [001] crystallo-
graphic direction, after zero-field cooling the crystal. The aim was to provide real-
space magnetic imaging of different phases, by measuring the projection of the DC
stray magnetic field along the z axis. Excluding possible contributions from surface
defects, this stray field reveals important informations about the spin configuration
inside the bulk crystal. The SOT technique has the great advantage of shedding light
on the magnetic configuration of the Cu2OSeO3, with a spatial resolution as good as
100 nm, and with weak perturbation of the sample surface.
The experimental investigation at 1.8 K showed clear traces of three distinct mag-
netic phases. At low applied magnetic field, the helical phase corresponds to spins
forming helices around the q vectors parallel to [100], [010], [001] crystallographic
directions. The magnetic scans revealed a magnetic background due to the helices
rotating around the in-plane q vectors, without any particular feature. A similar
outcome was observed at high applied magnetic field, when the spin configuration
transitions from tilted conical phase to field-polarized state. In this case, spins align
parallel to the magnetic field direction, along the z axis. This produces a non-zero
DC stray field, with no features in it.
The most interesting result concerned the tilted conical phase. In this state, spins
rotate around the q vector and bend towards the field direction, forming a cone.
Moreover the q vector no longer remains parallel to the field direction, but it bends
by an angle that ranges from zero to almost 30◦. This configuration leads to the ap-
pearance of magnetic features, modulated by a period that changes with the applied
magnetic field. The transition from helical phase to tilted conical phase at 61 mT
was observed, with the detection of magnetic textures with a period of 1.6 - 2 µm,
aligned according to the shape anisotropy direction of the crystal. Such a period cor-
responds to the q vector tilting from the field axis by about 2◦. A second transition
takes place at 73 mT, when the period of the magnetic modulations reduces to 190
nm, equivalent to the q vector tilting from the field axis by about 20◦. The magnetic
scans showed the progressive reduction of the modulation pitch, until it reached a
minimum value of 143 nm. A detailed data analysis on the observed pitch of the
tilted conical modulation was reported, explaining the physical meaning in terms of
spin configuration inside the crystal and comparing the tilting angle of the q vector
to reference values from the literature.
At high applied magnetic field, the magnetic modulations of the tilted conical phase
are accompanied by circular features, with dimensions about 60 - 70 nm, especially
visible in Figure 3.8(f), where dots show up as single objects, or disposed in lines.
This could correspond to a mixed state, with the tilted conical phase and the low-
temperature skyrmion phase. The idea would be supported by the zero-field cooling
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phase diagram from [11] and the estimated dimensions of these dots would be in
good agreement with the theoretical predictions and the SANS measurements from
[11]. However, due to lack of spatial resolution, our measurement is not conclusive
and the confirmation of the detection of a mixed phase requires a new experimental
investigation with a smaller SOT, ideally with a diameter below 50 nm.

Outlook

Here an outlook of possible improvements regarding sensor fabrication, new materi-
als to be deposited via magnetron sputtering, microscope probe and future samples
to investigate will be discussed.

If comparing the three deposition techniques described in Chap. 2, the most im-
pressive one is the direct magnetron sputtering deposition on quartz four-grooves
capillaries. Without the need of a collimation chamber, the shape of the capillary pre-
vents by itself electrical shorts between the superconducting electrodes. At the same
time, magnetron sputtering deposition guarantees high quality thin metal films.
This technique certainly represents the future of our SOT fabrication, because it is
compatible with a wide range of materials.
Two major upgrades, which could speed up the fabrication process and improve the
SOT quality, are scheduled. In first place, the installation of a UHV gate valve, which
is supposed to help reaching a lower base pressure. A second important upgrade is
the installation of a load-lock chamber. This consists of an additional, small cham-
ber where the SOT holder is mounted and pumped to high vacuum condition, before
being transfered to the main sputtering chamber. The advantage is that no venting,
and consequently pumping and baking of the main chamber is needed anymore,
because the UHV condition is always maintained. This implies that the SOT fabri-
cation time could be reduced by half or more, increasing time efficiency.

The sputtered materials introduced in this thesis work were MoGe and Nb. In
the next future, we expect to try direct sputtering deposition of MoGe film, without
using the collimation chamber. As described for Nb, the MoGe thin film could be
protected by Ti layers, in order to avoid degradation of the superconducting film
due to quartz impurities and oxidation. It will be interesting to compare the su-
perconducting properties of such a MoGe SOT with the results previously obtained
with the collimation chamber.
To the aim of increasing the range of tunability of the SOT properties, other materials
could be tested, such as:

• Al: it was the first material to be reported in SOT fabrication [53]. Due to
its critical temperature of 1.2 K (for bulk), it is suitable to work in the mK
temperature regime. However, its magnetic response is not as good as the one
reported for other materials.

• MoRe: it shares some properties already highlighted for MoGe, being suitable
for applications at high applied magnetic field. If compared to MoGe, the re-
ported critical field is even higher (about 5 T at 4.2 K) [9].

• Sn: it is suitable to work in the mK temperature regime. A Sn SOT was re-
ported, with diameter 41 nm and a critical field of about 1 T [8].



3.4. Data analysis: modulation pitch of the tilted conical phase 79

• In: it shares the same characteristics as Sn, but the critical field is about 2 T and
a SOT with 39 nm diameter was reported to achieve a magnetic flux sensitivity
of 42 nΦ0/

√
Hz [8].

The SOT dedicated to experiments at mK temperatures require to be tested be-
low 4.2 K. To this aim, a 1K pot probe is currently under development. Its design
is similar to the current probe used to characterize the SOT at 4.2 K, with an addi-
tion of a needle valve to regulate the pressure of 4He pumped from the dewar. This
probe would allow to reach a base temperature close to 1 K and get knowledge of
the SOT properties at a temperature close to the one at which the future experiment
is carried.
Another point to consider is that materials such as In and Sn are soft, have a low
melting point (about 430 K for In and 500 K for Sn) and a low thermal conductivity.
This complicates the sputtering deposition, because particular attention to thermal
gradients when ramping up and down the DC power is required. Additional cool-
ing of the target via a copper plate or via bonding is needed to avoid the melting.
More frequently, In and Sn are evaporated in the same way pictured for Pb.

A weak point of the SOT technique is that, when performing DC magnetometry,
the minimum detectable magnetic flux is roughly ten times worse than the corre-
sponding magnetic flux in the white noise limit. This is because at a frequency of
few Hz spectral noise is dominated by the 1/ f contribution. This makes the mea-
surement of small DC stray fields more challenging.
A possibility to improve the minimum detectable DC magnetic flux is coming from
few reference works [3, 5, 123]. As described in Sec. 2.6.1, we can couple a qPlus
tuning fork close to the apex of a SOT. A first benefit regards the approach to the
surface under investigation, which can be done mechanically by monitoring the
frequency shift from the resonance frequency of the coupled qPlus. The same fre-
quency shift can be used to keep the SOT apex at a fixed distance from the surface.
A second benefit, not exploited yet, is that the SOT apex vibrates parallel to the
sample surface with an amplitude xac, tunable up to tens of nanometers, and at a
frequency of about 33 KHz. By using a lock-in amplifier, it is possible to measure
the magnetic signal demodulated at the SOT oscillation frequency, corresponding to
Bac(x, y) = xac∂Bz(x, y)/∂x, where Bz is the static stray magnetic field. By choosing
an oscillation amplitude smaller than both the SOT diameter and the sensor to sur-
face distance, the 1/ f noise is avoided, with an improvement of ultimate detectable
field and spatial resolution [24]. This could be interesting for samples such as the
Cu2OSeO3 crystal investigated in this thesis work. Another advantage is that we
could further shrink the SOT diameter, approaching the 50 nm limit, without the
risk of not having enough magnetic sensitivity to perform the experiment.

The conclusion is an outlook of possible applications of our probe in the near
future, which are considered of high impact by the scientific community.
Belonging to the class of oxo-selenite compounds, VOSe2O5 (vanadium oxo-selenite)
is a tetragonal polar magnet, hosting a Néel-type skyrmion lattice. The interesting
magnetic phases in the phase diagram are confined in a narrow pocket between 4
K and just above 7 K, from zero magnetic field up to about 5 - 10 mT. Recent mag-
netization and SANS measurements have experimentally identified a cycloidal spin
state at zero field and a Néel-type triangular skyrmion lattice phase under applied
magnetic field along the polar axis [124]. Adjacent to these two phases, another in-
commensurate spin texture order was observed, with in-plane modulation under
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applied magnetic field along the polar axis. This magnetic phase was interpreted
as a square skyrmion lattice state, induced by interplay of the tetragonal crystal
anisotropy and the effect of thermally varying uniaxial anisotropy. No real-space
observation of these magnetic phases is reported in literature, so that a SOT investi-
gation of a bulk crystal of VOSe2O5 could provide novel insights into the formation
and stabilization of skyrmion states in this polar magnet. Magnetic features have a
size bigger than 100 nm, which is not imposing a tight requirement on the scanning
spatial resolution. On the other hand, the experiment has to be performed up to a
temperature above 7 K. This can be achieved by locally heating the sample, while
keeping the SOT in UHV condition at a temperature between 400 mK and 4 K, at
which the magnetic response is maximized.
Another promising field is the one of 2D layered materials. There is a growing class
of layered materials with unique magnetic properties, which constitutes an ideal
platform to investigate magnetism and spintronics device concepts in the 2D limit
[125]. Since these materials are atomically thin, their magnetic states can be con-
trolled by external perturbations, such as electric field and free carrier doping. The
study of magnetism in a true 2D limit is a key step towards the integration of 2D
magnetic layers into device structures. Among 2D materials, great attention was
captured by the class of transition metal dichalcogenides, and in special way by
PtSe2 [126, 127]. PtSe2 has a particular, thickness-dependent, electronic structure:
multilayer films exhibit metallic behavior, while mono- and bilayers show a tran-
sition from metal to semiconductor. Furthermore, defect engineering can lead to
tune the electronic properties. Few advantages are offered by PtSe2 for immediate
research. From a practical prospective, the material is stable in air without requir-
ing to be handled inside a glove box or to be encapsulated [128]. This simplifies
the fabrication and allows to perform the exfoliation process in a standard clean-
room environment. Furthermore, PtSe2 can be easily grown with various scalable
methods and is isolated from its substrate, in such a way it can be transfered to any
other arbitrary substrate [129]. A SOT investigation could shed light on the inter-
play between disorder and magnetism at atomic-scale thickness, as a step towards
the implementation of 2D semiconducting magnet devices.
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Appendix A

Laser-pulling quartz capillaries

Laser-pulling quartz capillaries, for both normal and grooved pipettes, was per-
formed by using the commercial P-2000 laser puller. A full manual [130] can be
found at Sutter Instrument website. In the following an introduction about the de-
vice is presented, followed by an explanation of how to tune the parameters to in-
fluence the final result.

A.1 Introduction

The P-2000 is a microprocessor controlled, CO2 laser-based micropipette puller. It
allows to fabricate micro- or nano-pipettes for intracellular recording, patch clamp-
ing, microinjection and microperfusion. The main advantage of using a heat source
such as a CO2 laser is the ability to work with quartz (fused silica) glass, a much
more pure, stronger and stiffer glass formulation than standard glass capillary tub-
ing. All other lower melting point glasses, such as aluminosilicate or borosilicate can
be pulled as well.

The model of P-2000 used in this work is the P2000/G, the one outfitted to be
used for glass capillaries with outer diamater (OD) in the range 0.6 - 1.5 mm. Note
that the best performances are achieved with capillaries with OD of 1.2 mm or less.
All our work involved 1 mm OD quartz capillaries.

A sketch of the pulling process is showed in Figure A.1, where a side and top
view are reported. The capillary is clamped in such a way it stands few millimiters
away from the concave gold-coated surface of the retromirror, the cross sectional
area (or back face) being on the optical pathway of the laser light. The CO2 laser
beam is projected onto the back face of the glass by a reflective scanning mirror,
which is mounted onto a rotating base. Heating of the glass is obtained by repeat-
edly scanning the mirror horizontally between limits that can be set by the user. The
scanning mirror is mounted on a tilting table, whose degree of tilt is controlled by
the tilt micrometer. The tilt determines the elevation of the laser beam relative to the
glass. Every time the puller gets relocated or the capillary shape change (for instance
a new OD) or whenever consistently bad pulling outcomes are observed, is good to
check the tilt correction. For that we refer to the manual [130].
The incident beam component that exits the capillary is collected by the retromirror.
The retromirror redirects the divergent laser light back towards the front side of the
glass, in such a way the capillary receives a uniform heating around its circumfer-
ence. The two-stage manipulator consists in two screws that allow for tuning the
horizontal and vertical position of the retromirror. Changing the vertical or the hor-
izontal position will determine a different influence of the retroreflected light on the
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capillary and consequently will lead to different shapes and final diameters.
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FIGURE A.1: Side- and top-view sketches of the optical pathway.

A.2 Pulling cycle

A pulling program is made of one or more (up to 8) cycles, also called lines, each of
them consists of five programmable parameters and determines a pulling process.
The parameters are defined as follows:

• HEAT: range from 0 to 999. This parameter sets the amount of energy supplied
by the laser to the capillary, so it measures the output power of the laser. The
HEAT needed to melt a piece of glass is a function of the glass material and
OD and of the chosen value of filament. Quartz do require high heat values
around 700 or more. Changes to HEAT should be made in steps of 10 units in
order to see some significative effect.
The HEAT setting affects length and tip size of the capillary. Usually, high
values of HEAT generate very fine and long tapered pipettes. It does have an
influence on the total pulling time as well, since higher HEAT values corre-
spond to shorter pulling times. To make a process the most reproducible as
possible, the pulling time should be in the range 4 - 8 seconds. In fact, shorter
processes turn out to be too fast and not controllable, while processes longer
than 10 seconds lead to a variability in the laser operation which affects repro-
ducibility. So HEAT should be adjusted as a consequence of the pulling time.
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• FILAMENT: range from 0 to 5. It specifies the scanning pattern of the laser
beam used to scan and heat the glass. Every value corresponds to a different
scan length and rate: 0 FILAMENT value means 1 mm scan length, 0 = 1 mm;
1 = 1.5 mm; 2 = 1.9 mm; 3 = 4.5 mm; 4 = 6.5 mm; 5 = 8 mm. For a fixed value of
HEAT, FILAMENT parameter determines the applied power per unit length
of glass. Clearly it drastically affects the pulling time.

• VELOCITY: range from 0 to 255. While HEAT is applied, a soft pull is carried
out. The glass starts to soften and begins to pull apart under a constant load,
while in the meantime the machine is measuring the speed (or VELOCITY) at
which the carrier bars holding the pipette are moving. The increasing speed of
the initial pull is determined by the viscosity of the glass, which is a function
of its temperature. So VELOCITY represents an indirect measurement of how
warm the capillary is. The chosen VELOCITY value sets the glass temperature
(called trip point) at which the HEAT is turned off and the hard PULL starts.
For the quartz micropipettes of interest, typical values are in the range 45 - 60.
In a multiple cycle process, as the ones used in this work, it is important to
decrease the VELOCITY in the next to last line of the program. This leads to an
increased amount of glass left at the beginning of the last program cycle and
avoids the glass to not separate during the soft pull part.

• DELAY: range from 0 to 255. It controls the time between when the HEAT
turns off and when the hard PULL is activated. A zero time gap between the
trip point and the beginning of hard PULL corresponds to DELAY = 128. Time
differences (DELAY - 128), which can be negative values, are time measure-
ments in milliseconds. A value of DELAY smaller than 128 means that the
hard PULL is initiated before the laser power is turned off.
Clearly, the higher the DELAY the cooler the glass will be when the hard PULL
is executed and bigger will be the outcome diameter. Furthermore, extremely
important, a temperature gradient proportional to DELAY is set between inner
(hot) and outer part (cold) of the capillary, which is required when very high
hard PULL is exerted. So high DELAY values are the key the achieve final di-
ameters in the 50 nm range. For quartz capillaries, the usual range is 100 - 140,
but even 150 can be used if PULL values close to the machine limit are applied.

• PULL: range from 0 to 255. It determines the force of the hard pull. Usually, the
higher the PULL, the smaller the pipette’s tip diameter and longer the taper.
Even though every value can be used with no damage for the machine, a good
advice is to make sure the pipette is well clamped inside the carrier bars if
PULL values around 200 or more are applied. In case the pipette is not well
clamped, the risk is to break it in proximity to the retromirror when the hard
pull starts. This can cause a damage of the retromirror, such as a scratch of its
gold-coated surface. Any damage to it is irreversible and can be fixed only by
installing a new mirror. In our case values up to 220 were tested without any
issue.

A.3 Pulling quartz capillaries with a P2000 laser puller

In the following, the intention is to report few important notions to keep in mind
while pulling quartz capillaries with the P2000 laser puller. They are the result of
a fruitful communication over the years with the specialists from Sutter instrument
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company and lot of time invested on laser-pulling, with tens of tests and failures.
These suggestions should be seen as a guidance to avoid possible common mistakes
and a way to improve the reproducibility of the process. In bullet points, item by
item:

• Tickle for the laser system. For the P2000 machine, laser system is activated by
very brief pulses delivered to the laser system RF driver circuit board. Pulses
are too short to produce a significant amount of laser power, but they are
needed to set the laser tube in the ideal state to deliver power when is needed.
So, in other words, tickle guarantees that the laser will start correctly when the
integrated microprocessor calls for laser power. In order to obtain the full ad-
vantage of this process, a certain amount of time has to be waited after closing
the cover before starting the pulling program.
Ideal amount of time according to the manual is 4 seconds, but we experi-
mented that 7 - 8 seconds give very consistent pulling results.

• Uneven taper length. Sometimes it is found that the two tapers in output of
the process are not equal in length. This most likely is the result of focusing
laser power to a glass whose diameter was reduced too much. In fact, when
things work correctly, glass draws down in diameter as the laser power be-
comes more concentrated due to the retromirror and the mass of glass to be
heated per unit length decreases. Time to melt for the glass drops and as a
consequence glass melts firstly at its smallest point. However, if the small-
est point of the hourglass becomes too small, eventually glass no longer melts
firstly at its smallest diameter. For instance, this can happen if a too high ve-
locity value is set, since the soft pull keeps pulling the hourglass from the two
sides until the trip point is reached.
To avoid this issue, typical of multiline processes, make sure that the next to
last line of the program doesn’t draw the diameter of the hourglass down to
too small diameters. To this aim, reduce heat or velocity on the next to last line,
and avoid very high velocity settings and delay values less than 128 on the last
line.

• Taking care of the retromirror. The gold-coated retromirror surface is posi-
tioned very close to the target pipette and can get coated with materials orig-
inated by the heating process of the glass. This is most likely due to a wrong
handling of the capillary, which gets dirty of oil from fingers or other stuff.
In the worst case, after heavy use, very aggressive deposits can penetrate the
gold coating and damage the retromirror. At that point, the only solution is to
install and set a new mirror, which absolutely is not a straightforward process.
For not specialist users, it can take up to two weeks to converge to a working
setting.
Few suggestions to avoid such an issue are:

– Always use gloves to handle the capillaries, better two pairs.
– For any reason, not even by wearing gloves, touch the center part of the

glass pipette, which is the one that will be heated by the laser.
– Commercial pipettes are pre-cleaned when purchased. However, good

practice is to clean them inside and outside with acetone and isopropanol
and dry them with nitrogen gun.

– Laser puller is very sensitive to dust. Despite the retromirror is protected
inside the two-stage manipulator box, it is better to place the machine in
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a clean environment, such as a cleanroom or a box with outgoing flow of
filtered air (the latter is our case).

– Often inspecting and cleaning the mirror. This can be done by using opti-
cal paper, which doesn’t release particles, wet by methanol or, even better,
ethanol. For a heavily used laser puller, the retromirror should be cleaned
at least once per week. In our case once per month is enough.

• Adjustments of retromirror position. After the pulling process, tip pipette is
supposed to be concentric with the shaft. If not, it means that the pipette is
not heated symmetrically and the optical pathway of the laser beam has to be
adjusted. Our way to quantitatively determine how concentric the tips are is
described in the dedicated Sec. A.4. Here I focus on few crucial details.
By default, company aligns the retromirror of the P2000 puller in such a way
it produces concentric tips when pulling 1 mm OD quartz pipettes with a one
heating cycle (or line) program. In other words, whenever a two or more heat-
ing cycles program is applied, the tip is expected to be off centered compared
to its long rotation axis. The offset depends on the chosen program and can
range from almost 0 to even more than 100 µm. When the offset becomes too
big, certain issues can take place, such as an asymmetry in the coating of the
superconducting electrodes due to the different pipette curvature on the two
sides. Moreover, the coupling to the QPlus tuning fork (Cit. Chap 2) can be
problematic. The experience with the Qplus made us estimating a maximum
tolerable offset of 50 - 60 µm. To reduce the offset and make the tips concentric,
adjustments might have to be made on both vertical and horizontal positions
of the retromirror.
First thing to do after pulling a test pipette is to take a reference on the glass
as viewing it from the top and from the front of the machine. This allows to
determine whether the tip is asymmetric if looked from the front or from the
top. Front (top) misalignment means that the mirror vertical (horizontal) posi-
tion has to be corrected. To adjust the position of the retromirror, the two-stage
manipulator can be used. Two set screws allow to change either the horizon-
tal or the vertical position, moving the mirror forwards/backwards and up-
wards/downwards. Important to know, a full turn of the screw corresponds
to a movement of the mirror of about 500 µm, and the outcome of a pulling
program is really sensitive to changes of mirror position of 30 - 50 µm. So we
recommend to start by changing the position by 1/16 of full turn and repeat
the same pulling program and determine whether there was an improvement
or not. If not, then it means that the screw has to be turned in the opposite di-
rection, and restart by turning it by 1/16 of full turn. In few iterations, a decent
visual concentricity can be reached. For further analysis, we refer to Sec. A.4.

• Role of DELAY while pulling quartz pipettes. Quartz glass softens at a very
high temperature, but the transition from stiff to soft occurs over a fairly small
temperature range. This allows temperature gradients across the tube’s wall to
produce layers of glass that differ in stiffness. The laser power is absorbed near
the surface and must conduct towards the center before the inner layer can
soften. When the trip point (or velocity setpoint) is reached and laser power
is turned off, heat is lost from the surface layers, while heat in deeper layers
continues to conduct towards the inner wall. The result is a reversal of the
temperature gradient at some point in time after the laser turns off.
When the glass draws, large temperature gradients cause the wall thickness
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to decrease more rapidly than the outer diameter of the glass. This makes the
glass less stiff and also limits how small a tip can be formed. In order to avoid
this issue, the DELAY time before activating the hard PULL has to be chosen
very wisely. Value of DELAY has be long enough to allow the temperature
gradient to reduce, but short enough to maintain the glass still soft enough to
draw.
The best DELAY time depends on the other program values and needs to be
determined by trial and error. However, we can state that high PULL values
complete the draw more quickly, so they require a longer DELAY to maintain
a good walls thickness. In fact, low DELAY and high PULL are expected to
produce thinning of quartz pipette walls. Increasing the DELAY will result as
well in cooler glass at the start of the hard PULL. This leads to an increased
final diameter of the tip. If small diameter tips are required, then HEAT or
VELOCITY have to be increased to ensure that the glass will still be hot enough
to draw properly when the hard PULL turns on.

A.4 Determining tip concentricity and tip diameter

The relevance of tip concentricity was already mentioned, here the procedure to es-
timate tip concentricity and final diameter is reported. Despite the same tip concen-
tricity estimation could be achieved by using an optical microscope with a reticule
in the eyepiece, for practical reasons we decide to combine concentricity to diameter
measurement, which requires a Scanning Electron Microscope (SEM).
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3.61 µm

FIGURE A.2: Estimation of the concentricity for two quartz nano-pipettes,
as looked from the top (horizontal alignment of the mirror). The one in (a),
of diameter 55 nm, shows an offset of 14 µm; the tip in (b), corresponding to
a diameter of 180 nm, has an offset of 3 µm. Both offsets are way within our

tolerance threshold of 50 µm.

After pulling program, the front and top surfaces of the pipette shaft (the un-
pulled portion of the capillary) are marked before the pipette is removed from the
puller. Then it is transfered to SEM, where it is imaged using a very low accelera-
tion voltage (2 KV) and at a short working distance of about 2 mm. SEM software
is equipped with many tools that can help in the measurement of the concentricity,
one of them being a graticule that resembles the reticule in the eyepiece of an optical



A.4. Determining tip concentricity and tip diameter 97

microscope. The pipette is rotated until is perfectly aligned with the graticule: this
means that, by moving the SEM stage along the pipette towards the tip, the edges
of the capillary don’t move with respect to the graticule and the computer screen
edges. Once the tip is found, it can look off-centered with respect to the graticule
center, which corresponds to the symmetry axis of the pipette. At this point, it is
immediate to measure how much the off-centering is.
An example is showed in Figure A.2, where two tips corresponding to different
pulling programs are imaged as viewed from the top of the puller. This means inves-
tigating the quality of the horizontal alignment of the retromirror. Panel (a) reports
an offset of about 14 µm, while Panel (b) an offset of 3 µm. Both offsets are minimal
and way below the tolerance threshold set by the coupling to the QPlus tuning fork.
For this reason, in both cases no further alignment of the retromirror is needed.
After checking the off-centering, the graticule is removed and an image of the tip is
acquired. Figure A.3 shows the corresponding apex for the two tips of Figure A.2.
The pipette in Panel (a) has a diameter of 55 nm, one of the smallest ever pulled,
while the pipette in Panel (b) has a diameter of 180 nm, which represents a more
conventional tip for SPM experiment. In fact, not many samples studied so far by
our group required a spatial resolution below 100 nm. For this reason, often the
pulling program aims to produce quartz capillaries with a diameter in the range 100
- 200 nm, which are expected to give SQUIDs with higher sensitivity.
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FIGURE A.3: SEM picture of two quartz capillaries after the pulling process.
The blurriness in the pictures comes from imaging bare quartz (insulating)
nano-scale objects and would disappear if the tips were coated with a metal
layer. (a) 55 nm diameter tip, one of the smallest ever pulled; (b) a more

traditional tip for our SPM experiments, with diameter of 180nm.

Few final comments on the tip apex: it is immediate to notice that the picture
is not of high quality and presents some blurriness. This is because the bare quartz
pipettes are imaged, without any metal coating. Imaging an insulating material with
the aim of resolving a nano-scale object is quite challenging and requires a certain
speed in zooming in and adjusting the focus, before the tip starts distorting due to
charging effects. Furthermore, no integration time for reducing background noise
can be used. As soon as the feature is zoomed in, screen gets frozen and the image is
acquired. The choice of where to place the cursors gives some imprecision as well in
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the measurement of the diameter. This is acceptable, since the aim is just to have an
estimation. As far as the imaging technique is similar, we expect to have consistent
imaging results. In particular, it must be taken into account that the effective diam-
eter of the SQUID after coating the pipette with superconducting film is usually 10 -
20 % more than what expected after SEM imaging.

A.5 Book of recipes

Here I report the most used 2-lines pulling programs for quartz tips. I divide the sec-
tion in two parts: firstly, the recipes for 1 mm OD, 0.5 mm ID pipettes (Figure 2.1(a))
are reported, while in the second part the recipes for the custom four-grooves cap-
illaries (as the ones showed in Figure 2.1(b)) are presented. For every recipe the
expected pulling time, diameter and, when known, concentricity are specified.

A.5.1 Not groovy capillaries, 1 mm OD, 0.5 mm ID

1. RECIPE:

HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 135 96

• Pulling time: 6.5 - 6.8 sec
• SEM diameter: 200 nm

2. RECIPE:
HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 140 137

• Pulling time: 6.2 - 6.6 sec
• SEM diameter: 120 nm

3. RECIPE:
HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 140 160

• Pulling time: ∼ 6.9 sec
• SEM diameter: 95 nm

4. RECIPE:
HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 140 170

• Pulling time: ∼ 6.6 sec
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• SEM diameter: 70 nm

5. RECIPE:
HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 140 180

• Pulling time: ∼ 6.8 sec
• SEM diameter: 65 nm

6. RECIPE:
HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 140 190

• Pulling time: ∼ 6.8 sec
• SEM diameter: 60 nm

7. RECIPE:
HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 138 121

• Pulling time: 6.6 - 6.9 sec
• SEM diameter: (150 ± 5) nm

8. RECIPE:
HEAT FIL VEL DEL PULL

715 4 40 140 100
610 3 50 140 140

• Pulling time: 5.9 - 6.3 sec
• SEM diameter: (100 ± 10) nm

9. RECIPE:
HEAT FIL VEL DEL PULL

700 4 40 130 60
600 3 50 140 120

• Pulling time: 6.8 - 7.1 sec
• SEM diameter: 150 nm
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A.5.2 Custom 4-grooves capillaries, 1 mm OD, 0.4 mm ID

1. RECIPE:

HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 140 170

• Pulling time: 6.4 - 6.8 sec
• Vertical offset: 20 µm; Horizontal offset: 30 µm
• SEM diameter: 80 - 85 nm

2. RECIPE:
HEAT FIL VEL DEL PULL

700 4 40 140 60
600 3 50 140 160

• Pulling time: 6.6 - 6.8 sec
• Vertical offset: 30 µm; Horizontal offset: 35 µm
• SEM diameter: 90 nm

3. RECIPE:
HEAT FIL VEL DEL PULL

690 4 40 140 60
570 3 48 138 156

• Pulling time: 5.9 - 6.3 sec
• Vertical offset: 10 µm; Horizontal offset: 20 µm
• SEM diameter: 105 - 110 nm

4. RECIPE:
HEAT FIL VEL DEL PULL

690 4 40 140 60
570 3 48 142 210

• Pulling time: 6.5 - 6.9 sec
• Vertical offset: 20 µm; Horizontal offset: 30 µm
• SEM diameter: 70 - 80 nm

5. RECIPE:
HEAT FIL VEL DEL PULL

690 4 40 140 60
570 3 48 134 135

• Pulling time: 5.9 - 6.3 sec
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• Vertical offset: ∼ 0 µm; Horizontal offset: ∼ 0 µm
• SEM diameter: 90 nm

6. RECIPE:
HEAT FIL VEL DEL PULL

690 4 40 140 60
570 3 48 134 124

• Pulling time: 6.3 - 6.6 sec
• Vertical offset: ∼ 0 µm; Horizontal offset: ∼ 0 µm
• SEM diameter: 130 nm

7. RECIPE:
HEAT FIL VEL DEL PULL

690 4 40 140 60
570 3 60 134 110

• Pulling time: 5.9 - 6.2 sec
• Vertical offset: ≤ 10 µm; Horizontal offset: ≤ 10 µm
• SEM diameter: 160 nm

8. RECIPE:
HEAT FIL VEL DEL PULL

710 4 45 135 60
700 4 60 135 220

• Pulling time: 5.6 - 5.8 sec
• Vertical offset: ∼ 0 µm; Horizontal offset: ∼ 0 µm
• SEM diameter: 50 nm

9. RECIPE:
HEAT FIL VEL DEL PULL

710 4 45 135 60
700 4 60 135 170

• Pulling time: 5.6 - 5.8 sec
• Vertical offset: ≤ 10 µm; Horizontal offset: ≤ 10 µm
• SEM diameter: 90 nm

10. RECIPE:
HEAT FIL VEL DEL PULL

690 4 40 140 60
570 3 60 134 100
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• Pulling time: 6 - 6.5 sec
• Vertical offset: ≤ 20 µm; Horizontal offset: ≤ 20 µm
• SEM diameter: 200 nm
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Appendix B

Common issues in Pb deposition

As mentioned in Chap. 2, Pb thermal evaporation is not a straightforward process
and can lead to failures due to many reasons. In Figure B.1 we show the outcome of
common issues, where the scale bar in every picture is 100 nm. For every SOT the
corresponding explanation is included.

(a) (b)

(c) (d)

FIGURE B.1: Failed attempts in fabricating Pb SOTs. The scale bar in every
figure is 100 nm. (a) Electrostatic discharge, an effect of improper grounding
of the SOT or of who is handling the SOT after the fabrication. The result is
similar to an explosion, with the Pb film lifted off from the capillary. (b) Miss-
ing weak links. This can be due to a not optimal pulling process, breaking
the quartz capillary so that the apex is not flat. Pb islands struggle to coat
the rough surface and one or both junctions are missing. Too big evapora-
tion angles can contribute to this issue, because they elongate the weak link.
(c) Thermal issue, due to a lack of cooling of the quartz capillary. When the
surface to be coated is not cold enough, instead of forming a nice thin film,
Pb islands create disordered bubbles, coating the whole pipette. (d) Missing
gap between the superconducting leads, probably due to small evaporation
angles. This phenomenon happens more often when the diameter of the SOT

gets reduced and no grooves are present.
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