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Introduction

In the framework of the Ginzburg-Landau (G-L) theory [1], conventional super-
conductors are classified in type I and type II, based on the value the G-L parameter
k = %, k > % and k < % respectively. The coherence length & defines the length
scale on which the local density of the superconducting Cooper pairs varies whereas
the penetration depth A is the distance at which the external magnetic field is expo-
nentially screened from the interior of the superconducting sample (Meissner effect).
In type II superconductors the nucleation of quantized magnetic flux tubes, Abrikosov
vortices [2], in a field range H.y < H < H.o, where H.; and H. are the lower and
upper critical field respectively, enables the persistence of the superconducting state in
high applied magnetic fields, enhancing their technological relevance. However, all the
technological applications are still dealing with the capability to control and prevent
vortex motion, which causes energy dissipation, eventually introducing artificial pin-
ning sites. In such a scenario, the nanoscale investigation of the superconducting vortex
dynamics holds the potential of understanding macroscopic behaviors in terms of mi-
croscopic mechanism. Among all the techniques able to perform experiments at the
nanoscale, Magnetic Force Microscopy (MFM) and Scanning Tunneling Microscopy
and Spectroscopy (STM/STS) allow the investigation of the superconducting vortex
arrangement with individual vortex resolution, keeping track of the magnetic polarity
and in high applied magnetic field respectively.

Planar Superconductor/Ferromagnet (S/F) heterostructures, magnetically coupled, i.e.
having an insulating thin layer between the S and F films to suppress the proximity
effect [3], have been proposed to increase the vortex pinning, due to the interaction
between superconducting vortices and magnetic template. However, being the vortex
physics highly sensitive to the nano-variation in size and geometry of the constituting

materials, the investigation of such systems requires preliminary efforts in:



2 INTRODUCTION

1. modeling the magnetostatic interaction between the S layer in the mixed state and
the F film;

2. identifying the proper superconductor, insulator and ferromagnet;

3. rescaling S and F thickness in order to make thin film based heterostructures.

In the past, a lot of effort has been spent to experimentally probe and theoretically
model many of the exciting effects that can occur in magnetically coupled S/F hybrids
having artificial, litographically defined, magnetic nanotextures as well as on planar
S/F bilayers. Such works focused primarily on the effects of the underlying magnetic
template on vortex nucleation, vortex dynamics, and on the nucleation of localized
superconductivity above domains and domain walls [4]-[22]. This remarkable and solid
background, very briefly reviewed in Chapter 1, guided the experiments discussed in
this dissertation and helped in the interpretation of the data.

The focus of the presented thesis is on the study of vortex nucleation, pinning and dy-
namics in planar S/F hybrids, made by thin films of Nb/Py and Pb/[Co/Pd]iituitayers-
The fabrication of the constituting superconductors (Nb and Pb), insulators (SiOy and
Aly03) and ferromagnets (Py and [Co/Pd]muititayers) as well as the deposition proce-
dures are beyond the goal of this dissertation. Shortly, Nb/SiOs/Py hybrids were
made by sputtering deposition at Argonne National Laboratory (Chicago, IL (USA))
by Dr. V. Novosad, Dr. V. Yefremenko and Dr. S.A. Moore, [Co/Pd]muititayers/Al2Os
were fabricated by Dr. V. Novosad, whereas Pb thin films were made by electron beam
deposition at Temple University (Philadelphia, PA (USA)) by Dr. S.A. Moore. The
choice of the materials is strongly dependent on the investigating technique. The fer-
romagnetic domain size as well as the weakness of the out-of-plane magnetic stray field
of Py are suitable for MFM experiments, whereas, on the contrary, [Co/Pd]muititayers
having a relatively high out-of-plane stray field, would cause a magnetic overlapping
of superconducting vortices, eventually not individually resolvable by MFM. On the
contrary, the vortex-vortex separation induced by the Py magnetic template as well
as the domain size would be too big for STM/STS investigation. In addition to this,
while Nb is not a good material for STM measurements, due to the ease in oxidation,
Pb, with a T, = 7.2K, is not suitable for the presented MFM experiments, performed
in an Omicron-Scanning Force Microscope, limited by a base temperature of 5K.

The working principle of MEM and STM/STS is presented in Chapter 2, followed by
the description of the cryogenic Ultra-High Vacuum systems used in performing the

scanning probe microscopy experiments.
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In Chapter 3, low temperature MFM experiments on Nb/Py hybrids are presented
with the aim of investigating the conditions of spontaneous vortex nucleation as well
as their in-field behavior. Being Nb a conventional low-temperature superconductor
and Py a room temperature ferromagnet with a peculiar stripe-like configuration of the
out-of-plane magnetic domains, a field cooling of Nb in the spatially non-uniform Py
stray field occurs every time the S film is cooled down below its critical temperature
(Ts ~ 9K). In such a way, depending on the intensity of the out-of-plane component
My of the Py magnetization vector, alternating up and down, spontaneous quantum
fluxes with opposite polarities, vortex - antivortex (V-AV) pairs, can be nucleated in
Nb film and guided along the magnetic channels. As a consequence, the nucleation
of spontaneous V-AV can be indirectly tuned, by increasing the intensity of My, by
making thicker F films or by decreasing the S thickness. In addition to this, MFM
measurements in external (static and dynamic) magnetic field are presented, with the
aim of studying vortex dynamics.

In Chapter 4, peculiar vortex distribution in presence of strong, randomly distributed,
pinning sites, called bifurcations of the magnetic template, have been studied in Nb/Py
by low temperature MFM as well as in Pb/[Co/Pd]multilaye,«S by low temperature
STM/STS. It has been shown how the enhancement of the stray field at the bifur-
cation core as well as the topology of the bifurcation itself definitely affect vortex
arrangement, bringing to the formation of strongly confined vortex cluster. The com-
plementarily of MFM and STM/STS has been successfully used to get insights into the
vortex confinement matter.

Finally, in Chapter 5, a new method to perform quantitative MFM experiments is de-
veloped and presented. The main idea is to extract a magnetic characterization of the

MFM tip by probing a sample with well known magnetic signal. The superconducting

he

5, is thus a perfect object to use in

vortex, always supporting a flux quantum ®y =
developing such a characterization procedure. Moreover, an example of quantitative
MFM experiment on Nb/Py is presented, bringing to the estimate of the out-of-plane

magnetization component M, of 1um-Py film.
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Chapter 1

S/F hybrids

1.1 Introduction

Superconductivity has a great potential to play a significant role in the develop-
ment of new clean energy technologies by minimizing the losses in electrical current
transport. However, the widespread use of superconducting materials is still limited
by a few critical parameters, such as critical current, critical magnetic field and critical
temperature and, therefore, the active research on new superconducting technologies
is underway.

Conventional superconductors are well described in the framework of the Ginzburg-
Landau (G-L) theory [1]. Within G-L theory, the introduction of the G-L parameter
k = % leads to differentiation between type I and type II superconductors for cases
when k > % and k < %, respectively. The two characteristic superconducting length
scales, the coherence length & and penetration depth X, are intimately related to the
superconducting material. The superconducting order parameter describing the local
density of the superconducting Cooper pairs varies at length scale defined by the co-
herence length, while the penetration depth characterizes the distance at which the
external magnetic field is exponentially screened from the interior of a superconduct-
ing sample (Meissner effect). In type Il superconductors, the nucleation of quantized
magnetic flux tubes, Abrikosov vortices, enables the persistence of the superconduct-

ing state in high applied magnetic fields up to the upper critical field H., at which
the superconductivity is destroyed. The mixed state (or Shubnikov state) of type

7
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IT superconductors persists in applied magnetic fields H between H.y < H < H,.s,
where H.1(T) and Hu(T) are the lower and upper critical fields, respectively, mak-
ing these materials very technologically relevant. It has been theoretically predicted
by Abrikosov [2] and later experimentally shown by Trauble and Essman [3] that the
mixed state is a macroscopic quantum fluid having each vortex carrying a flux quantum
Py = 2—}27 where h is the Planck constant and e is the electron charge. The vortex causes
a local suppression of the superconducting order parameter on the length scale of &,
while A measures the exponential decay of the magnetic field when moving away from
the vortex core. In 1957, Abrikosov predicted a lattice arrangement of vortices (fig.

1.1) in order to minimize the energy of the system. The vortex lattice period d is set

2(1)0
V3H '

by the intensity of the external magnetic field H according to the relation d =

Figure 1.1: Periodic arrangement of vortices in a type-II superconductor in an external applied
magnetic field B. Each vortex has a normal core, where the amplitude of the superconducting order
parameter || (blue line) drops to zero on the scale of £ while the magnetic field profile (red line)

exponentially decays on the scale of A.

When an external current, exceeding the critical value, is applied to a superconduc-
tor in the mixed state, vortices are forced to move under the action of the Lorentz force
causing energy dissipation. For this reason, the control of the vortex dynamics is one of
the main challenges for technological applications and fundamental science. In order to

restore a dissipation-free regime, the driving Lorentz force has to be counterbalanced
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by a pinning force. In this scenario, the technological applications of type II super-
conductors deal with the capability to create and control pinning centers that locally
induce a suppression or reduction of the superconducting order parameter. Lattice
defects, dopant inclusions or peculiar sample geometry have been proposed in order to
impose a pinning potential for the superconducting vortices [4]. An enhancement of the
critical current has been reported by bulk processing of the superconductors to create
pinning centers and by lithographic patterning of arrays of pinning centers. Magnetic
pinning centers have also been widely used for enhancing vortex pinning properties
since they locally suppress the superconducting order parameter (pair-breaking effect
of the local magnetic moment) and magnetically attract vortex lines. Several meth-
ods of introducing magnetic pinning centers have been employed from deposition of
magnetic nanoparticles to lithographically defining magnetic nanotextures on the su-
perconducting layer [5] - [29].

Superconductor/Ferromagnet (S/F) thin film heterostructures, magnetically coupled
in order to suppress the proximity effect [30], in which the ferromagnetic domains act
as pinning centers, have been of great interest due to ease of fabrication, scalability for
future applications, and due to basic fundamental physics governing the superconduc-

tivity in this hybrid systems [32] - [48].

1.2 Superconductor/Ferromagnet hybrids

In 1957 John Bardeen, Leon Cooper and Robert Schrieffer derived the microscopic
theory of superconductivity in which, below a critical temperature T, electrons at the
highest-energy filled states - the Fermi surface - build Cooper pairs with zero center-
of-mass momentum, zero total spin (a spin singlet), and charge 2e, constituting the
superconducting condensate. Excitations above the condensate need a minimum finite
energy |A[, the so-colled excitation gap [49], [50].

Slightly earlier, in 1956, Vitaly Ginzburg brought up the problem of coexistence of fer-
romagnetism and superconductivity, focusing on the so called orbital-mechanism [51].
Later, in 1958 Bernd Matthias, Harry Suhi and Ernest Corenzwit suggested an ad-
ditional mechanism of interaction between superconductivity and ferromgnetism: the
quantum-mechanical exchange interaction [52].

The condensate of conventional superconductors is definitely influenced by the exchange

field of a ferromagnet as well as by its magnetic field, which can strongly reduce the
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superconducting correlations. If the exchange field is sufficiently strong, it tries to
align the spin of the electrons of a Cooper pair, that in the usual case of singlet super-
conductors are antiparallel, thus destroying the superconductivity. Those antagonistic
tendencies lead to the so-called paramagnetic effect of pair breaking. A similar situ-
ation arises when the magnetic field is applied to Cooper pairs, where the role of the
exchange interaction is played by the Zeeman interaction. In both cases, the interac-
tion spin-polarizes the electrons, splits the energy levels depending on the direction of
the spins (parallel or antiparallel to the external magnetization vector) by an amount
given by twice the exchange or the Zeeman energy, and breaks apart the opposite-spin
singlet Cooper pairs. In such a scenario, the strong interaction between the two S and
F subsytems can dramatically change the properties of each constituting material.

A natural way to avoid the proximity effect consists in separating the S and F layers
by a thin insulating film. In such a way S and F systems interact via the magnetic field
induced by F-texture. Such textures can be either artificial (dots, wires) or topologi-
cal (planar hybrids with F in multi-domain magnetic state). Here, the magnetic field
coming out from F induces screening currents in S.

The calculation of vortex arrangement for interacting, spatially separeted superconduc-
tors and ferromagnets is based on the static London-Maxwell equations. In particular,
London’s approximation works satisfactorily since the sizes of all structures in the
problem exceed significantly the coherence length ¢&. Whenever the proximity effects

dominate, the London equation is not valid anymore.

1.3 Orbital Coupling

Nucleation and control of superconducting vortices via the underlying magnetic
template is one of the main goal of studying S/F hybrid in orbital coupling [34], [53]-
[67]. Particularly exciting is the possibility to substantially increase the vortex pinning
due to the magnetic template, thereby increasing the critical current [32], [58].
Artificial periodic vortex pinning was first produced by modulating the S-film thick-
ness by Daldini et al. [59]. Slightly later Hebard et al. used triangular arrays of
holes[60],[61]. However, magnetic structures provide additional advantages in pinning
vortices, whereas their pinning potential depends on several factors: orientation of the
magnetic moment, strenght of the stray field, ratio of magnetic domain size (or dot

lattice constant) to the effective penetration depth, strenght and direction of the ex-
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ternal field.

In the past, a lot of effort has been spent both theoretically and experimentally in
investigating many of the exciting effects that can occur in magnetically coupled S/F
hybrid systems having artificial, litographically defined, magnetic nanaotextures as well
as on planar S/F bilayers. Such works focused primarily on the effects of the under-
lying magnetic template on vortex nucleation [34], [53]-[57], [62]-[64], vortex dynamics
[32], [65], [24], and on the nucleation of localized superconductivity above domains and
domain walls [47],[48],[67]-[73].

In the 90s, the first experiments with a regular array of magnetic dots, magnetized in
plane, were performed in the Louis Neel Laboratory in Grenoble [5],[74], as well as a
dot array with out-of-plane magnetization was first prepared and studied by Morgan
and Ketterson [75]. By measuring the critical current as a function of the external
magnetic field, they found a strong asymmetry of the pinning properties under mag-
netic field reversal, proving for the first time, that vortex pinning by magnetic dots
is different from that of non-magnetic pinning centres. Here in after experiments on
nanostructured S/F hybrids has been focused on pinning properties of magnetic dot
arrays covered by a thin superconducting film, as well as on the competing periodicity
of artificial array of dots and vortex lattice (with periodicity fixed by the external mag-
netic field). The so-called matching field was found: whenever the vortex lattice, tuned
by the external field, is commensurate with the lattice of pinning centers an increase
of pinning strength occurs (with a precipitous drop in resistivity [76]).

Even more interesting is the situation having vortices of opposite polarities (namely
vortices and antivortices) induced by magnetic dots. The spontaneous formation of
vortex-antivortex pairs due to perpendicularly magnetized dots has been theoretically
addressed by Erdin [77]. He assumed that each dot creates only one vortex in the S
film right on the top of it as well as one antivortex in the interstitial position and he
studied the symmetry of the vortex-antivortex lattice as a function of % and L’:—f“),
where R is the dot radius, L is the dot lattice constant, m is the dot magnetization
and ey is the energy of the vortex in absence of the magnetic dot.

Moreover, planar S/F hybrids, with F magnetized in the out-of-plane direction, allow
for the investigation of the fundamental properties underlying the magnetic interaction
between superconducting and ferromagnetic layers, without any need of lithographic
steps. Lyuksyutov and Prokrovsky argued that such a system is unstable with respect

to the spontaneous formation of vortices of one vorticity[78]. Only when the ferromag-
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netic film splits into domains with alternating magnetization, spontaneous vortices and
antivortices, with opposite circulation directions, might appear. Such a domain struc-
ture makes the transport properties of these S/F bilayers strongly asimmetric. Kayali
and Pokrovsky have calculated the pinning force on superconducting vortices due to
a stripe-like configuration of magnetic domains, showing that in absence of a driving
force they line themselve up in straight chains [58]. In presence of a permanent current,
critical currents have been calculated in both parallel and perpendicular configurations.
Theory predicts a strong anisotropy of the critical current resulting in a ratio of the
parallel to perpendicular critical current in the range 10?2 — 10%. The anisotropy is
associated with the fact that the motion of vortices is very different if the current is
perpendicular or parallel to the domain walls. In perpendicular configuration, vortices
move along the proper magnetic channels, whereas the antivortices, in neighboring do-
mains, move in opposite directions. In such a case, the stripe pinning is very small.
In the case of parallel current all vortices are forced to move across the domain walls
which instead provide very strong periodic pinning force. From the experimental point
of view, such anisotropy in vortex motion has been measured, for instance, by Kara-
petrov et. al in S/F/S trilayers [80]. They found an increase of the critical current in
parallel direction three to five times the one in perpendicular direction, still extremely

small with respect to the theoretical predictions.

1.3.1 Magnetostatic Interaction

The total energy of a S/F bilayer, only magnetically coupled, can be written as

follow:

U=Usy +Uyyv +Uvpy + Unm + Udw (1.1)

where Ugy is the sum of energies of single vortices, Uy v is the vortex-vortex interaction,
Uy is the energy of interaction between superconducting vortices and underlying
magnetic template, U,,,, is the self-interaction energy of the magnetic layer and Uy,
is the surface tension energy of the domain walls. For simplicity, let’s assume to be
in presence of a periodic domain structure consisting of two equivalent sublattices. In
such a case the magnetization M ,(7) alternates when passing from one sublattice
to another, with vortex density n(r). Magnetization is supposed to have a constant

absolute value My ,(7) = Mys(7), where s(7) is the periodic step function equal to +1
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at one sublattice and —1 at the other one. The single-vortex energy is given by:
Usv = (&) = M) [ n(@)s()ePa (1.2)

where EQ/ = 163’73)\2 In (%) is the single vortex energy, in absence of a magnetic template.

The vortex-vortex interaction is the following:
Uy = /n(f‘)V(F— )5 () d2ada’ (1.3)

where V(7 — ) is the pair interaction energy between vortices located at the points 7
and 7. The interaction energy between vortices and the magnetic field generated by F
is:

Upm = 78(1)73)\ / ﬁga(f’f IGE &'(Mo)(f‘)dedzx/ (1.4)
us

where ¢(7 — 7) is a phase shift created at a point 7 by a vortex centered at 7 and
a™)(7) is the value of the vector potential induced by the F-film upon the S-film. The

magnetic self-interaction is given by:
Upnm = —% /BgMo)(F)s(F)d% (1.5)
Finally, the energy of domain walls is:
Uagw = €dwLdw (1.6)

where €4, is the linear tension of the domain wall and Lg,, is its total length.
Erdin et al. [34],[79] have compared energies of stripe, square and triangular domain

wall lattices and found that the stripe structure has the lowest energy.

1.3.2 Planar S/F hybrids with ferromagnetic stripe domains

In the framework of S/F bilayers in which the ferromagnet exhibits stripe-like mag-
netic domains, with alternating up-and-down out-of-plane magnetization vectors i]\_jo,
the magnetization values required for spontaneous vortex-antivortex nucleation can be
deduced, for given values of stripe domain width w of F layer, superconducting penetra-
tion depth A\ and thickness ds of S film. Starting form eq.1.1, two different theoretical
models dealing with the two opposite limits of superconductor film thickness greater

ds

55| and smaller [53] than the penetration depth, %= > 1 and % < 1 respectively,
Py A y

addressed the problem of spontaneous vortex nucleation.
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In presence of a dilute vortex system (vortex-vortex distance much greater than the
penetration depth) the Uyy energy can be neglected, as well as Uy, and Ugy,, under
the assumption that the ferromagnet is quenched below the superconducting critical
temperature. In such a way, U,,,, and Uy, can be considered as constants, simply
causing a rescaling of the total energy.

In the limit of § > 1 and dy >1,Ugy = %ﬂ“ll, where H., = % In (%) is the lower

critical field and [ is the vortex length, and U, = — . %ﬁ(m, where ¢; = +1 de-
i
pends on the direction of the vortex flux, 7; is the position of the vortex in the interface

Ti
plane and ¢(7;) = £8Mj [ Intan (%) dx is the magnetic potential. By requiring;:
0
U=2Ugy +Uyy <0 (1.7)

the threshold magnetization values needed to nucleate the first straight vortex-antivortex
pair M.y (with length [ = d,) (fig.1.2a), which pierces through the superconducting
film, or the first vortex semiloop M,; (fig.1.2b), which is bent within the superconduct-

ing film, result in:

ds
M,, = 0.2=5H,, (1.8)
w
H,.
My =4+ (1.9)
8In (7%)

respectively. If M > Mg, the formation of straight vortices is energetically favorable,
and vice versa. The energy profiles of a straight (red) and semiloop (blue) vortex are
shown in fig.1.2¢ indicating that the minimum energy of the straight vortex is achieved
in the middle of the magnetic stripe domain, whereas the semiloop vortex crosses over
the stripe domain wall [55].

On the other hand, in the opposite limit of £ > 1 and dys < 1, the model of Genkin et
al. has to be taken into account [53], where the threshold magnetization for spontaneous

straight vortex nucleation results in:

ey D, 1
Me hl( 3 ) ((477)2> WAt s (1.10)

with A\efr(T) = A(T') coth (/«%) [56], being the penetration depth affected by the

superconducting thickness. In the latter, spontaneous vortex formation will thus be

energetically regulated by the threshold condition My > M,.
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Energy — arb.unit
1

Figure 1.2: 3D representation of a magnetically-coupled S/F heterostructure with the F layer in
the stripe regime. a) in black and white the screening supercurrents are shown, straight Vortices and
Anti-vortices piercing the superconducting layer are represented by the straight arrows; b) semi-loop
vortices close inside the superconducting layer; ¢) plot of the straight vortex (red) and semi-loop vortex

(blue) energy as a function of the position across the stripe.

1.4 Exchange Coupling

An alternative approach to the study of the S/F systems consists in favoring the
electrical coupling between S and F layers. In such a case the exchange field existing
in the ferromagnet splits the Fermi spheres for up and down spin, giving to the Cooper
pair two options for survival. It can keep its spins pointing in opposite directions
with respect to the magnetization vector and acquire instead a nonzero center-of-mass
momentum or it can become an equal-spin pair, in which the two spins point in the
same direction with respect to the magnetization vector. That first possibility was
independently discovered in 1964 by Peter Fulde and Richard Ferrell at the University
of Maryland and by Anatoly Larkin and Yurii Ovchinnikov at the Moscow Physico-
Technical Institute [81], [82]. For this reason, it is known as the FFLO state (Fulde
and Ferrell in fact submitted and published slightly earlier). The FFLO state exhibits
an inhomogeneous pair wavefunction that oscillates periodically in space. As shown

in fig.1.3a, due to spin-spin interactions in ferromagnet, the electronic bands for up
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spins (blue) and down spins (red) are shifted with respect to each other by an amount
2F.,. That exchange splitting shifts the momenta at the Fermi energy Er from kp to
the new positions IQ:'FT = EF + % and EF¢ = EF — g In this condition, two electrons
at the Fermi energy with opposite spin and momenta EFT and kp , form a Cooper
pair with center-of-mass momentum j:Q. By doing this, the contributions to the pair
amplitude are proportional to eii(EFT_EFl)'E, thus leading to a modulation of the
pair amplitude with position R. The FFLO state was predicted as an intrinsic, bulk
effect, however the existence of FFLO-type states was established without doubt in
the early 2000s in ferromagnetic metals in contact with a superconductor, the so-called
proximity structures. The prozimity effect describes penetration of the pair amplitude

from a superconductor into an adjacent metal (normal or ferromagnet).

e e
Normal
Singlet metal
TEnergv super-
- conductor
l ZEt.\I t+lt

[ —

Weakly
spin-polarized

ferromagnet

W

Strongly
spin-polarized

ferromagnet

SUPERCONDUCTING PAIR AMPLITUDE

—\ Very stmngly'

spin-polarized
/ ferromagnet
Halt

I
Intertace

Figure 1.3: a) Shift of up-spin band (red) and down-spin band (blue) due to the exchange interaction
in a ferromagnet. Such a splitting shifts the momenta at the Fermi energy Fr from EF to EFT = IZFJrg
and EF¢ = EF — g b) Amplitude of the pair wavefunction as a function of distance from the
superconductor-metal interface, in the case of a normal metal, weakly, strongly and very strongly

spin-polarized ferromagnet. Figure adapted from [85]

Figure 1.3b plots the amplitude of the pair wavefunction as a function of distance
from the superconductor-metal interface. In the case of a normal metal, the singlet
state (green) penetrates over large distances, typically on the order of microns and
increasing with decreasing temperature, being &y = \/% and &y = QZ’;T the

propagation length in the normal metal of the condensation amplitude respectively
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in the diffusive and ballistic limit, where D is the electronic diffusion constant, k is
the Boltzmann constant and vp is the Fermi velocity. In contrast, in ferromagnets
the proximity effect induces FFLO amplitudes -both singlet (green), and triplet (red)
with zero spin projection on the magnetization axis- that oscillate and penetrate over
a length scale that rapidly becomes shorter as the exchange splitting F., increases,

being &g = ,/% and £y = LU the propagation length in the ferromagnet of the

2Fcq
condensation amplitude respectively in the diffusive and ballistic limit. In the limit of

large exchange splitting, corresponding to strongly spin-polarized ferromagnets, Cooper
pairs can penetrate only over atomically short distances into the barrier between the
superconductor and the ferromagnet, and not into the ferromagnet itself. At the same
time, the internal structure of Cooper pairs in the superconductor is strongly modified
near the interface. That modification is due to phase shifts that electrons acquire when
quantum mechanically penetrating into the interface barrier regions. The net phase
difference 0 acquired during reflection leads to singlet-triplet mixing of Cooper pairs in
a layer roughly 15 — 150nm thick next to the interface, depending on the material.

Despite the success from a fundamental perspective, one problem for practical applica-
tions became quickly evident: for a clear and controllable effect, weakly spin-polarized
systems, like ferromagnetic copper-nickel or palladium-nickel alloys, must be used oth-
erwise the proximity amplitudes become too short ranged. But the rapidly developing
field of spintronics had provided strong motivation to search for long-range proximity
effects in ferromagnets. Such long range amplitudes would lead to long-range super-
currents and to valuable applications. The ultimate goal is to find completely spin-
polarized supercurrents, which would necessarily have to be triplet with non-zero spin
projection on the magnetization axis. It was clear very early that in the case of pairs
composed of two equal spins ( 11 or JJ), the two 1 spins at the Fermi energy can pair
with equal and opposite momenta, kry and —kpy, without introducing a finite center-
of mass momentum, and likewise for two | spins. Thus, no oscillations will occur for
equal-spin proximity amplitudes, and the penetration is long range, meaning that the
penetration length behaves as it does in a normal metal, increasing to microns with
decreasing temperature. At this point, the biggest obstacle became how to create an
appreciable amount of such equal-spin pairs, which are triplet states not suppressed
by the exchange field, i.e. with non-zero spin projection on the magnetization axis.
Starting from 2001, several papers theoretically analyzed examples of S/F structures

in which the triplet component are induced. The common feature of these structures
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is that the magnetization is not homogeneous [86], [87]. It is well known, for instance,
that the magnetization of any ferromagnet can be quite inhomogeneous due to the

presence of domain walls.

1.4.1 Proximity effect in S/F hybrids

The essence of proximity phenomena is the change of the order parameter (Cooper
pair wavefunction), which oscillates in space inside the ferromagnetic layer. Therefore,
the London approximation is not valid anymore and equations for the order parameter
must be solved. They are either the Bogolyubov de Gennes equations [88],[89] or more
conveniently the Gor’kov equations [90] for the Green functions. Unfortunately the
solution of these equations is not an easy problem in the spatially inhomogeneous case,
combined with the scattering by impurities and/or irregular boundaries, that is a typi-
cal situation for experimental investigation of S/F proximity effects. Fortunately, if the
scale of variation of the order parameter is much larger than atomic, the semiclassical
approximation can be applied. Equations for the superconducting order parameter in
the semiclassical approximation were derived a long time ago by Eilenberger [91] and
by Larkin and Ovchinnikov [82]. They were further simplified in the case of strong
elastic scattering (the diffusion approximation) by Usadel [92].

The oscillations of the order parameter lead to a series of interesting phenomena:

1. oscillations of the critical temperature versus the thickness d; of magnetic layer;

2. periodic transitions from the 0— to m—phase in the S/F/S Josephson junction when
varying the thickness dy of the ferromagnetic layer and the temperature T’

3. oscillations of the critical current versus dy and 7'.

In S/F structures with a high interface transparency, the critical temperature of the
superconducting transition T, is considerably reduced, as theoretically calculated in
many works [93] and experimentally reported in many publications [94]- [98]. Good
agreement between theory and experiment as been achieved in some cases [99]. How-
ever, despite many papers published on this subject, the problem of the dependence
of T, on dy is not completely clear. For example, Jiang et al. [94] and Ogrin et al.
[100] claimed a nonmonotonic dependence of T, on the thickness of the ferromagnet
observed on Gd/Nb samples. However, Aarts et al. [95] in another experiment on
V/FeV claimed that the interface transparency plays a crucial role in the interpreta-

tion of the experimental data, showing both nonmonotonic and monotonic dependence
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of T, on dy. Moreover, Bourgeois et al. [101], showed a monotonic decrease of the
Pb/Ni critical temperature with increasing dy.

Although the experimental results concerning the behavior of T, are still controversial,
there is more evidence for these oscillations in experiments on the Josephson current
measurements. It turns out that under certain conditions the Josephson critical current
1. changes its sign and becomes negative. This effect was first predicted by Bulaevskii et
al. [102] in the case of two superconductors separated by a region containing magnetic
impurities. Later, the Josephson current through a S/F/S junction was calculated for
the first time by Buzdin et al. [103]. In this case the energy of the Josephson coupling
E; = (%) (1 — cosp) has a minimum in the ground state when the phase difference
¢ is equal not to 0, as in ordinary Josephson junctions, but to 7 (the II—junction).
Recent experiments confirmed the 0 — 7 transition of the critical current in S/F/S
junctions [104]- [108], together with oscillations of the critical current I, as a function
of T" and dy.

For a detailed review of advances in theoretical models as well as experimental results

on proximity effect in S/F hybrids refer to [30].
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Chapter 2

Scanning Probe Microscopy

2.1 Introduction

Recently, a lot of effort has been focused on developing experimental techniques for
studying vortex matter at the nanoscale. Since a collective behavior of vortex dynamics
can be extracted, for example, from electronic and heat transport and magnetic mea-
surements [1]-[10], the real challenge lies in the capability to investigate single vortex,
lattice arrangements and local mechanism of motion with a high spatial resolution. An
overall view on the vortex lattice, and its structural characteristics, can be provided by
small-angle neutron scattering in the reciprocal space [11],[12], and by Bitter decora-
tion [13],[14], time-resolved magneto-optic techniques [14]-[18] and holography electron
microscopy [19] in real space. The first observation of isolated vortices was pioneered
by Essman and Trauble in 1967 [13]. In a low magnetic fields, they used small magnetic
particles to decorate the surfaces of different superconductors in order to get informa-
tion on the arrangement of vortices in the vortex lattice. By using this technique, large
areas hundreds of microns square of the sample surface can be investigated by taking a
snapshot of the lattice. More recently, real space imaging of superconducting vortices
has been obtained by using scanning probe microscopy and spectroscopy (SPM/S) tech-
niques. Among all of them, scanning SQUID microscopy [20] and scanning Hall probe
microscopy [21],[22], with a submicron spatial resolution, have been successfully used
to study the geometries, dynamics and interactions of vortices in different systems. On

the other hand, scanning tunneling microscopy (STM), with a subnanometric resolu-
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tion, is the only technique able to image individual vortex cores by spatially mapping
the amplitude of the superconducting order parameter [23]-[25]. The STM method
is sensitive to the electronic properties of the sample surface and thus require clean
and flat surfaces. Although it provides a unique opportunity to image vortices at high
magnetic fields (due to sensitivity to the amplitude of the order parameter rather than
the magnetic profiling), STM technique cannot distinguish between the polarity of the
vortices. On the other hand, magnetic force microscopy (MFM) provides information
about the vortex polarity and requires less stringent surface quality, albeit the method
is constrained to low enough magnetic field as to distinguish the magnetic profiles of
individual flux quantum [26]-[35]. Being directly sensitive to the strength and direction

of the stray field, MFM provides information that is not easily available elsewhere.

2.2 Scanning Probe Microscopy

The Scanning Probe Microscopies allow the study of several surface properties. De-
pending on the used technique as well as on the intrinsic physical nature and geometry
of the probe and the sample, a study of the sample topography, of the electric and mag-
netic domains distribution on the sample surface and of its electric and electromechani-
cal properties can be carried out. For instance, the Atomic Force Microscopy (AFM) re-
lies on the tip-sample van der Walls interaction, Electrostatic Force Microscopy (EFM)
and Kelvin Probe Force Microscopy (KPFM) on the electrostatic interaction, Magnetic
Force Microscopy (MFM) on the magnetostatic interaction, Scanning Tunneling Mi-
croscopy (STM) on the quantum-mechanical effect of electron tunneling through an

energy barrier (tip-sample separation), to name a few of them.

Figure 2.1: First STM image of atomic structure in Si(111) by Binig and Roher [36]
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The concept of STM was first developed by Binnig and Rohrer in 1982 at IBM
Zurich [36]. Few years later, in 1986, the researchers were awarded the Nobel Prize in
Physics. Figure 2.1 shows the first STM image of the atomic structure of Si(111).

In the standard experimental setup of SPM measurements, either the sample or the tip
is located at the end of a piezo-scanner (or piezo-tube), which deflects in z —y— z direc-
tions by applying high voltage (see fig.2.2). Four electrodes are placed on the outside
of the tube, which is usually made of lead-zirconate-titanate (PZT), for z — y motion,
as well as an electrode is inside the tube for z elongation/contraction. The direction of
the movement is tuned by the voltage polarity. While the x and y motions are required
to raster the tip on the sample surface, the piezo displacement in z direction is kept
constant, when working in open loop or is adjusted during the scanning by a feedback

circuit, set on the interaction setpoint, in closed loop mode.

‘e Z-piezo Drive

+V. z:ve X-Y-piezo Drive

.* Feedback circuit e

Bias voltage

Figure 2.2: STM experimental setup. A sharp tip is located at the end of a piezo tube, having
four electrodes all around it. Only +V, and +V), are visible in the picture, connected to the z — y-
Piezo Drive unit. The z-Piezo Drive unit supplies high voltage to the z-piezo and can be eventually
connected to the Feedback Clircuit, when working in closed loop mode. The feedback loop detects the

interaction parameter and adjusts the voltage on the z-piezo to keep a constant interaction setpoint.

The detection of the interaction parameter strongly depends on the specific tech-

nique. In STM the probe is made by an atomically sharp tip which eventually guar-
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anties the interaction between a single atom at the tip apex and the atoms of the
sample surface. The application of a bias voltage between tip and sample, separated
by a vacuum energy barrier, brings to an experimental detectable electron tunneling
current, through a tunneling current amplifier. In AFM-based techniques, the probe
is made by a cantilever having a sharp tip at the end of it (with a typical curvature
radius of 1+ 10nm). In the simplest case, the tip-sample interaction causes a deflection
of the cantilever, which can be detected, for instance, by an interferometric apparatus
that will be described in details in session 2.3.1.

In AFM and STM, the modulation of the interaction parameter on the sample surface,
van der Walls force and tunneling current respectively, is strongly dependent on the
sample roughness and, in open loop, it’s a direct way to image the sample topogra-
phy. Differently, in closed loop, a setpoint of cantilever deflection/tunneling current
for AFM/STM respectively, is chose and the feedback loop adjusts the voltage on the
scanning piezo in the z-direction to keep it constant. Being the displacement versus
voltage response of the piezo-tube pre-calibrated a topographic map can be created by
monitoring the voltage applied to the z-piezo.

MFM and STM experiments on Superconductor/Ferromagnet heterostructures, only

magnetically coupled, will be presented in this dissertation.

2.2.1 Magnetic Force Microscopy

In 1987 Martin and Wickramasinghe developed the idea of the Magnetic Force
Microscopy, coating an AFM probe with a thin ferromagnetic layer, thus able to feel
long-range interactions with magnetic samples [37]. The engineering design of the AFM
probe, as well as of the AFM itself, came slightly earlier, in 1986, by Binnig, Quate and
Gerber [38]. In the simplest approximation of the atomic lattice as a series of masses
and springs, the spring constat of the interatomic interaction results in k., =~ 10%.
As a consequence, the fabrication of a cantilever, with spring constant lower than k.,
thus deflecting because of the interatomic interaction between a sharp tip at end of it
and a sample, is not easy but possible.

Standard AFM measurements can be carried out in three different modalities: contact,
tapping and non-contact. In contact mode, the cantilever is deflected as a consequence
of tip-sample van der Walls repulsive interaction. A feedback loop can be used to keep

constant such a deflection (9), pulling away the probe from the surface in presence of a
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topographic mountain and pushing it down when a depression occurs, thus ensuring a
constant tip-sample force, given by the Hooke law Fiip— sampie = Kcantiteverd. In tapping
mode the cantilever is forced to oscillate by a piezo vibrator at its own resonance fre-
quency in close proximity to the sample surface, setting up an intermittent tip-sample
contact and periodically jumping from attractive to repulsive interaction regime. The
interaction causes a shift of the oscillating frequency as well as a modulation of the
oscillating amplitude (with respect to free frequency and amplitude). A feedback loop
can be used to keep constant the amplitude, moving the probe closer or further from
the surface, depending on its roughness. In non-contact mode the cantilever is forced
to oscillate at its own resonance frequency with nanometric amplitude. When an at-
tractive tip-sample interaction occurs a shift of the resonance frequency is detected.
By keeping a fixed tip-sample separation, the modulation of such a shift while scanning
is a measure of the sample topography.

The MFM in vacuum operates in non-contact regime, whereas at tip-sample separation
of 50 + 200nm the non-magnetic short range interactions are completely undetected.
In static mode the magnetic probe, magnetized along the longitudinal axis, moves at
constant height with respect to the sample surface. Due to the magnetostatic interac-
tion with the out-of-plane stray field coming out from the sample surface, the cantilever
deflects toward the sample if attracted, further away if repulsed, giving rise of a map
of magnetic domains.

In oscillating mode, also called Frequency Modulation-MFM, the cantilever is excited
by a piezo vibrator at its own resonance frequency. Whenever a magnetic interac-
tion occurs between out-of-plane sample stray field and tip longitudinal magnetization,
frequency and amplitude of the oscillation change. Figure 2.3 sketches the frequency
modulation of an oscillating cantilever due to its interaction with an out-of-plane stray
field having almost a square wave shape. Attractive interaction results in a negative
shift with respect to the free frequency, whereas a positive shift occurs when the inter-
action is repulsive. The MFM image is made by mapping the frequency modulation
on the sample surface.

The cantilever frequency shift can be formally derived by writing the equation for its
dynamic in presence of magnetic tip-sample interaction.

The tip-sample force for small oscillations of the cantilever around the tip-sample sep-
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aration zp, can be written as follows:

aF’mu,g

- (2.1)

Fmag = Fmag,zo +

z(t)

Figure 2.3: Sketch of FM-MFM mode. An oscillating cantilever is interacting with a square wave
magnetic stray field. Attractive/repulsive interactions are mapped through the frequency shift of the

cantilever oscillations and represented by color contrast.

By modelling the ferromagnetic layer of the tip as made by infinitesimally small
elements of volume dV’ and magnetic moments M (), each of them interacting with
the stray field H(r — r’) coming out from the position 7 on the sample surface (see

fig.2.4), the energy of the tip-sample interaction can be written as follows:
_>
Ermag = — / M@y - H(r —r"av’ (2.2)
Viayer

At constant tip-sample separation zg

Fmag,zo = _eEmag - / ?(M . ﬁ)dvl (23)

Viayer
which has a z component:

E H. H H

M,
* 0z

0z 0z Y 0z Jav’ (2.4)

Viayer
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By deriving the eq.2.4:

OF oy - 02 H, O2H 02 H.
o: / (My =55~ + My=5 5" + Me=p5=)aV! (2.5)
Viayer

which it is integrated on the entire ferromagnetic layer volume.

Figure 2.4: Model of magnetic tip-sample interaction. The ferromagnetic coating layer can be
considered as made by by infinitesimally small elements of volume dV’ and magnetic moments M(f”),
each of them interacting with the stray field H(r — r’) coming out from the position 7 on the sample

surface.

By combining equations 2.4 and 2.5 in 2.1 and solving the problem of cantilever
dynamic, the shift of the resonance frequency with respect to the free frequency fy can
be explicitally derived, resulting in:

fO aFmag,z
chant 32

df = (2.6)

The MFM experiments presented in this dissertation were performed in FM-MFM
mode at T=6K by using a commercial Si cantilever, equipped with a magnetic tip

and having a resonance frequency fy ~ 75kHz and elastic constant k ~ 2.8%‘ The
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tip, coated by a ferromagnetic Co/Cr film, is characterized by nominal low moment
p < 0.3 x 1073emu and measured coercivity He s, = 550 + 6000e. The magnetic
imaging was done by scanning in non-contact regime and by mapping line by line the
frequency shift df = f — fo of the resonating cantilever, due to the stray field coming
out from the sample. MFM maps were obtained by scanning at constant tip-sample
heights, between 60 -+ 150nm, and the attractive/repulsive tip-sample interaction was

mapped using color contrast.

2.2.2 Scanning Tunneling Microscopy
and Spectroscopy

Scanning tunneling microscopy (STM) relies on the quantum mechanical tunneling
effect which predicts that electrons have a finite probability to tunnel through an
energy barrier. In an STM experimental setup a metallic tip is brought close to a
sample (conducting or semiconducting) and kept at nanometric distance from it. In
these conditions, there is a non-zero probability for the electrons of the tip to traverse
the vacuum barrier region in between and reach the sample, and vice versa. Once a
bias voltage is applied, a net flow of electrons in one direction arises, resulting in a
measurable tunneling current. Such a tunneling current is exponentially dependent on
the distance between the tip and sample, which gives rise to a sub-A resolution in the
z-direction.

Inside the barrier region the electron wavefunction is a decaying exponential:
2m (P —eV)

U(z) =T¥(0)e " and k = -

(2.7)

where z is the distance between the tip and the sample, ® describes the height of the
barrier and is related to the workfunctions of the sample and tip, and eV is the electron
energy supplied by the bias. The probability of a single electron to tunnel across the

barrier is:
()" = |[W(0)|" e (2.8)
and the resulting current is proportional to the tunneling probability of all the electrons

in the energy region (Ep —eV) + Ep:

Er
I(z) o< > W, (0) e oc I(0)e 2 (2.9)
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For a typical workfunction value of around 5eV, a 1A change in tip-sample separation

can result in almost an order of magnitude change in tunneling current.

Constant Height — Feedback OFF
Z-Piezo Voltage

Tunneling Current

Atomic Roughness /UW\/\A/WWV\/\/

Constant Current — Feedback ON

Z-Piezo Voltage V] “‘ (LI |

T g G e T T T e

Atomic Roughness ]\/U\/\/W\N\AM/\/

Figure 2.5: STM map with atomic resolution of freshly cleaved HOPG, in ambient temperature and

pressure. The atomic roughness is given by modulation of the tunneling current in constant height

mode, by modulation of the voltage on the z-piezo in constant current mode.

The two STM scanning modalities are sketched in fig.2.5, where an STM map
(4nm x 4nm in size) with atomic resolution is shown. It was acquired on freshly cleaved
HOPG (Highly Oriented Pyrolitic Graphite) in ambient temperature and pressure by
means of a commercial Multimode V by Bruker, and with a PtIr tip. In constant height
mode the feedback is inactive during scanning. The tip is stabilized in one point above
the surface, thus the atomic roughness results in modulation of the tunneling current.
On the contrary, in constant current mode a desired value of the tunneling current is
defined as the setpoint of the feedback loop. During scanning the feedback adjusts the
voltage on the scanning piezo in the z-direction to keep the current constant, where
the distance versus voltage response of the piezo material has been pre-calibrated. In
this way, by monitoring the voltage applied to the z-piezo the topographic map can be
created.

Apart from the capability of imaging morphology with very high spatial resolution and

eventually making atomic resolved maps, the power of the STM relies on the possibility
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of getting insight into the electronic density of states (DOS) of the investigated samples.
The tunneling rate of electrons between the tip and sample is governed by Fermi’s

Golden Rule:
2w 2
w = - |M|”0(Ey — Ey) (2.10)

where 1) and x describe the individual electronic wavefunctions of tip and sample
respectively, with energy Iy and E,.

Bardeen [39] has shown that for non interacting electrodes (separate wavefunctions of
the tip and sample, roughly orthogonal) and elastic tunneling, the element matrix is

given by:

Y (x* % _ 6X*) ds (2.11)

“om ), Ve Ve

which describes the overlap of the tip and sample wavefunctions in the barrier region,
being the surface of integration the entire barrier region. Following the treatment of
Bardeen, the net tunneling current is the sum of the current flowing from the tip to

the sample and vice versa:
1= Itip—>sample - Isample—>tip (212)

_ dme

I'=— ) IMP? pi(E)ps(E) {f (B[ = f(Bo)] = f(E)[1 = f(E)]}dE  (2.13)

—0
where e is the electron charge, h is the reduced Planck’s constant, M is the tunneling
matrix element, p,; are respectively the density of states of the sample and tip, and
f(E) = [14+e~E=En/keT|=1 s the Fermi distribution function with kp the Boltzmann
constant and T the temperature.

By applying a bias voltage V' and defining E; = F and E; = E+ €V, the equation 2.13

can be simplified to:

1v) = T [ M pE)on(E+ V) (J(B) ~ B+ eV)}aE (214

—0
The tunneling current depends on the nature of the tip and sample through the tun-
neling matrix element, which describes the overlap of their wavefunctions in the barrier
region, as well as on their local DOS. In practice, |M| is often taken out of the integral
because it is considered constant at low voltage and a set tip-sample separation, even

if it will change for different tip and sample combinations, different tip materials, and
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even for different tips of the same material but different shape. Moreover, in the limit
of small bias voltage around the Fermi energy, the density of states of the metallic tip
can be considered constant and taken out of the integral. Finally, if the measurements
are made at low temperature, the Fermi function are almost step functions with a cut

off of kpT', which allows to further simplify the current expression:
Ep+eV
4me 2
I(V) x - |M]” p:(0) ps(E +eV)dE (2.15)
Er
thus the derivative with respect to the voltage gives the differential tunneling conduc-

tance (dI/dV), which is directly proportional to the electronic DOS of the sample:

dI
a7 ps(eV) (2.16)

The most common method to experimentally measure the dI/dV versus V is to use
the lock-in method. By modulating the bias voltage V with a small AC voltage of
known frequency (V,,sinwt) and expanding in a power series:

I(V 4 Vipsinwt) = 1(V) + % VVmsinwt + i% VVﬂzl(l —cos2wt) + ... (2.17)
it is possible to measure directly the differential conductance by acquiring the DC signal
of the first harmonic of the output, which is phase locked to the known frequency. In
doing this, the choice of the AC voltage magnitude is commonly limited by a lower
value of ~kpgT, which sets the thermal broadening of the measurements. However,
higher AC signal might be used in order to maximize the signal to noise ratio, due to
additional instrumental and electronic noises.

All differential conductance spectra presented in this dissertation were taken with the
same tunneling parameters, with the junction stabilized at V=10 mV and I=100 pA,
and with an AC modulation of 0.2mV at T = 1.5K. Moreover, conductance maps
can be built by acquiring the conductance value at specific energy (Fermi energy in
this dissertation) while scanning the tip over the sample surface at high voltage (20
mV). Topography is always acquired simultaneously to check the location where the

spectroscopic information was recorded.

2.3 Cryogenic Scanning Microscopes

The ultra-high vacuum (UHV) cryogenic microscopes used during this dissertation

are a Scanning Force Microscope (SFM), provided by Omicron and equipped with
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Scala-PRO electronics, and a USM1300 ®He system, provided by Unisoku and equipped
with RHK electronics, housed in Universita degli studi di Salerno (Salerno, Italy) and
Temple University (Philadelphia, PA, USA) respectively. Omicron-SFM and Unisoku-
STM have been used to perform FM-MFM and STM experiments respectively.

2.3.1 Cryogenic SFM - Omicron

The low temperature SEM-Omicron, in Universita degli studi di Salerno, is shown
in fig.2.6. By loading tips and samples into the load lock chamber and by pumping it
down to 10~8Torr before transferring, any contamination of preparation chamber and
UHV chamber can be avoided. The latter, in particular, where the scan head is housed,
is always kept at pressure as low as 10~ '9Torr. The preparation chamber is equipped
with a single source e-beam evaporator, for in-situ sample deposition, a heating stage
for high-temperature deposition as well as for surface cleaning of samples prepared
ez-situ, a hydrogen gun for surface cleaning and surface hydrogenation. Transfer rods
allow the move of tips/samples for one chamber to the other as well as to place them
on the scan head, which is fixed at the end of a mobile rod. A motor allows the vertical

movements of the rod from the UHV chamber down to the cryostat.

Figure 2.6: Low Temperature Scanning Force Microscope - Omicron

Moving from the outside, the cryostat is concentrically made by the outer vacuum

chamber (OVC), the liquid nitrogen tank, the liquid helium tank, the variable temper-
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ature insert (VTI) and the inner vacuum chamber (IVC). During the measurements,
the scan head is located in the IVC, which is directly connected to the UHV camber
on the top of the cryostat.

The role of the outer vacuum chamber as well as of the nitrogen tank is to reduce the
liquid helium consumption by minimizing the thermal exchange with the external envi-
ronment. For the same reason additional vacuum jackets are placed between nitrogen
and helium tanks as well as between helium tank and VTI.

The scan head is cooled down by the mechanical/thermal contact between the female
cone of the VTT and male cone of the rod, whereas the VTI is filled by cold gas/liquid
helium that flows from the helium tank through a capillary of variable impedence,
software-regulated by an electromechanical needle valve (see fig.2.7). This configura-
tion allows to reach a base temperature of 4.2K and 5K at the female cone and at
the scan head respectively, due to thermal dispersion along the line. Eventually, by
pumping on the VTI, temperature as low as 2.2K can be reached. A heater is placed
on the male cone of the rod, allowing a fine regulation of the sample temperature in
the range 5K + 100K. Without filling the cryostat with liquid nitrogen/helium, room

temperature measurements can be eventually performed.

a) b)
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Figure 2.7: a) sketch of mechanical/thermal contact between VTI female cone and rod male cone.

b) picture of rod male cone.

The picture of the scan head is shown in fig.2.8. The sample is glued on the sample
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holder and is loaded on the top of the piezo-scanner tube, which moves in z — y — z
directions during the surface scanning. The tip is mounted on a transfer plate, faced
down toward the sample. An optical fiber, which is part of an interferometric unit, is

used to detect the tip-sample interaction.

— Optical Fibre b)

_—X-Y Motor Housing
- Shear piezos

Interferometer Unit

_-Transfer plate
i Tip/Cantilever
—— Sample + plate

-Sample holder

~Scan Piezo

ZPiezo

— Z Motor Housing

L

Figure 2.8: a) sketch of the scan head. b) real picture of the scan head.

The tip-sample approach/retract is guided by the slip-stick movement of Z-piezo
stacks, surrounding a sapphire prism placed on the bottom of the sample holder (see
fig.2.9). By quickly applying a voltage V to the piezo-stacks, they deform and slide
against the sapphire. It is worth to notice that the voltage is applied to one piezo-stack
per time, so that the others keep the sapphire prism in place. Once all of them are
deformed, if the voltage is slowly ramped down to zero, the piezo-stacks go back to the
equilibrium position causing a movement of the prism due to the friction between the
piezoelectric elements and the prism itself. The direction of the movement is tuned
by the polarity of the voltage. During the approach, this operation is performed it-
eratively while the tip-sample interaction is continuously recorded, until the setpoint
value is reached.

The piezo-sensitivities decrease at low temperature by a factor of about 2.8 at 77K

and 5.5 at 4.2K.
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Figure 2.9: Working principle of piezo-stacks. A voltage Vj is applied to one piezo-stack per time,
causing their deformation. Then, by slowly ramping the voltage down to zero, to all the piezo-stacks
at the same time, the prism is pushed to move due to the friction between the piezoelectric elements

and the prism itself.

The tip-sample interaction is detected by a Fabry-Perot interferometer, as shown in
fig.2.10. The Light Detector Unit (LDU) emits a radiation with wavelenght A = 830nm,
which runs into a 2m long optical fibre. At the end of the sharped cut fiber, the
radiation is partially transmitted and partially reflected. The transmitted component
is reflected by the back of the cantilever. In such a case, the signal on the photodiode
will be the interference between the two reflected components and the intensity of the
signal will be a function of the fiber-cantilever distance d, as I = Iy + I; cos (2T”2d).
Finally, at the bottom of the cryostat, in the liquid helium tank, the superconducting
magnet is housed, concentrically to the scan head. It is made by several km of NbTi
wires, with a critical temperature T, = 9.5K, and capable to apply axial field as high
as 7T.

In order to reduce the external noise, the laboratory in which the Omicron-SFM has
been installed is located on the ground floor of the Physics Department building in
Universita degli Studi di Salerno, thus to reduce the influence of the building vibration.
In addition to this, the system is mounted on four pneumatic damping legs, which
stand on a concrete mass. Such a mass has the role of first stage dumping of external
vibrations, which are even more attenuated by lifting up the isolation legs. All pumping

lines and cables are strongly fixed before reaching the system.
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Figure 2.10: sketch of the interferometric apparatus for the detection of tip-sample interactions. The
LDU emits a radiation with wavelenght A = 830nm, which runs into an optical fibre. The photodiode
collects the light interference between the two reflected components of the incident radiation, due to
the the end of the fiber and the back of the cantilever respectively. Their interference is a function of

the relative fiber-cantilever distance.

2.3.2 Cryogenic STM/STS - Unisoku

The low temperature USM1300 He system, at Temple University, is shown in
fig.2.11. Apart from load lock chamber, preparation chambers and UHV chamber, many
capabilities are present. A triple source e-beam evaporator is placed in the preparation
chamber for in-situ deposition of superconducting samples, as well as a single source
e-beam evaporator is housed in a second, smaller, preparation chamber, right under
the load lock, for the deposition of magnetic materials. The system is also equipped
with ion gun for milling, e-beam for tip shaping and preparation, low-energy electron
diffraction and Auger spectrometers, liquid nitrogen cooling stage for low temperature
deposition and low temperature sample cleavage stage. While the load lock is pumped
down to 10~8Torr before transferring tips and samples, the main preparation chamber
and the UHV chamber are constantly kept at pressure in the low 10~''Torr range.
Transfer rods allow to transfer tips/samples in the system as well as to load them
directly on the STM head, which is placed all the time on the bottom of the cryostat,

without any optical access.
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Figure 2.11: Low Temperature Scanning Tunneling Microscope - Unisoku

Moving from the outside, the cryostat is made by the outer vacuum chamber, the
liquid helium tank, the 1K pot, the 3 He pool connected with an external 3He tank, and
the inner vacuum chamber where, at the bottom of the cryostat, the STM head is
housed. As before, the role of the vacuum jackets is to reduce thermal exchanges and
minimize the liquid helium consumption.

The liquid helium flows through a capillary, encountering an impedance that is set by
manually operating a needle valve, from the helium tank into the 1K pot, where a base
temperature of 1.5K can be reached by pumping on the bath. The thermal contact
of the STM head with the *He pool, made by a gold wire, and of the 3He pool with
the 1K pot ensures a cooling of the sample down to 1.5K. Additionally, by pumping
on the *He pool a temperature as low as 350mK can be reached. Measurements
at temperature higher then 1.5K are still possible but they require longer time for
temperature stabilization, in order to avoid thermal drift effects. Moreover, room
temperature STM/STS experiments can be successfully performed.

Differently from the case of the Omicron-SFM, in USM1300 3He system, the tip is sit
on the piezo-scanner, which is inside of a sapphire prism, surrounded by piezo-stucks,
on the bottom of the STM head. The slip-stick mechanism that guides the tip-sample
approach and retract has been already discussed in subsection 2.3.1 (see fig.2.9). The
sample is faced down toward the tip.

As before, the piezo-sensitivities are affected by the temperature, decreasing by a factor
of about 2.8 at 1.5K.

Finally, at the bottom of the cryostat, in the liquid helium tank, the superconducting
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magnet is housed, concentrically to the STM head. It is made by NbTi wires and it is
capable to apply axial field as high as 9T.

In order to reduce the external vibrational noise, the laboratory in which the STM is
housed has been specifically designed, with the aim of decoupling the instrument from
the external environment, using as many vibration dampening stages as possible, each
of them with a different resonance frequency. First of all, the system has been installed
in the basement of the Science education and Research College of Temple University, in
order to avoid building vibration. In addition to this, it is placed on a passive vibration
isolation table, which stands on 40 Tonn inertial mass, decoupled from the floor by six
vibration isolation legs. A raised floor, completely decoupled from the inertial mass has
been built in order to walk around the system for routine operations without affecting
its stability. All pumping lines and cables are damped before reaching the system. By
doing this, vibrational noise lower than a picometer can be regularly achieved.

In addition to this, an RF and acoustic shielded room has been built all around the
system. It consists of a Faraday cage which strongly attenuates any RF noise up to 10
GHz. In order to accomplish such a goal, care has been taken in choosing and designing
special low-pass filters, capable to pass the signals from the outside electronics to the

inside of the shielding room without damaging the RF and acoustic shield.



Bibliography

[1] U. Hartmann, Adv. Electron. Electron Phys. 47, 49 (1994)

[2] J.J. Krebs, B.T. Jonker, and G.A. Prinz, J. Appl. Phys. 61, 3744 (1987)

[3] A. Berger and M.R. Pufall, Appl. Phys. Lett. 71, 965 (1997)

[4] L. Louail, K. Ounadjela, and R. Stamps, J. Magn. Magn. Mater. 167, L189 (1997)
[5] W.S. Kim, W. Andra, and W. Kleeman, Phys. Rev. B 58, 6346 (1998)

[6] A. Berger and M.R. Pufall, J. Appl. Phys. 85, 4583 (1999)

[7] K. Ha and R.C. O’Handley, J. Appl. Phys. 87, 5944 (2000)

[8] G. Grimaldi, A. Leo, A. Nigro, S. Pace, and R. P. Huebener, Phys. Rev. B 80,
144521 (2009)

[9] G. Grimaldi, A. Leo, A. Nigro, A. V. Silhanek, N. Verellen, V. V. Moshchalkov,
M.V. Milosevic, A. Casaburi, R. Cristiano, and S. Pace, Appl. Phys. Lett. 100,
202601 (2012)

[10] G. Grimaldi, A. Leo, P. Sabatino, G. Carapella, A. Nigro, S. Pace, V. V.
Moshchalkov, and A. V. Silhanek, Phys. Rev. B 92, 024513 (2015)

[11] M. R. Eskildsen, Front. Phys. 6(4), 398 (2011)

[12] M.R. Eskildsen, E.M. Forgan, H. Kawano-Furukawa, Rep. Prog. Phys. 74, 124504
(2011)

[13] U. Essmann and H. Trauble, Phys. Lett. 24, 526 (1967)

47



48

BIBLIOGRAPHY

[14]

[15]

[16]

[27]

28]

L.Y. Vinnikov, J. Karpinski, S.M. Kazakov, J. Jun, J. Anderegg, S.L. Bud'ko,
P.C. Canfield, Phys. Rev. B 67, 092512 (2003)

M. Terao, Y. Tokunaga, M. Tokunaga, T. Tamegai, Physica C' 426, 94 (2005)

P.E. Goa, H. Hauglin, A.A.F. Olsen, M. Basiljevic, T.H. Johansen, Rev. Sci.
Instrum. 74, 141 (2003)

P.E. Goa, H. Hauglin, M. Basiljevic, E. II’yashenko, P.LL. Gammel, T.H. Johansen,
Supercond. Sci. Technol. 14, 729 (2001)

M. Tokunaga, M. Kobayashi, Y. Tokunaga, T. Tamegai, Phys. Rev. B 66,
060507(R) (2002)

A. Tonomura, J. Supercond. 7, 2 (1994)
L.N. Vu, M.S. Wistrom, D.J. Van Harlingen, Appl. Phys. Lett. 63, 1693 (1993)

A.M. Chang, H.D. Hallen, H.F. Hess, H.L.. Kao, J. Kwo, A. Sudbo, T.Y. Chang,
Europhys. Lett. 20(7), 645 (1992)

T. Nishio, Q. Chen, W. Gillijns, K. De Keyeser, K. Vervaeke, V.V. Moshchalkov,
Phys. Rev. B 77, 012502 (2008)

A. Kohen, T. Cren, T. Proslier, Y. Noat, W. Sacks, D. Roditchev, F. Giubileo, F.
Bobba, A.M. Cucolo, N. Zhigadlo, S.M. Kazakov, J. Karpinski, Appl. Phys. Lett.
86, 212503 (2005)

G. Karapetrov, J. Fedor, M. lavarone, M. T. Marshall, and R. Divan, Appl. Phys.
Lett. 87, 162515 (2005)

H. Suderow, I. Guillamén, J.G. Rodrigo, and S. Vieira, Supercond. Sci. Technol.
27, 063001 (2014)

T. Shapoval, V. Metlushko, M. Wolf, V. Neu, B. Holzapfel, L. Schultz, Physica C
470, 867 (2010)

T. Shapoval, V. Metlushko, M. Wolf, B. Holzapfel, V. Neu, and L. Schultz, Phys.
Rev. B 81, 092505 (2010)

M. Tavarone, A. Scarfato, F. Bobba, M. Longobardi, G. Karapetrov, V. Novosad,
V. Yefremenko, F. Giubileo, and A. M. Cucolo, Phys. Rev B 84, 024506 (2011)



BIBLIOGRAPHY 49

[29]

[30]

[31]

[36]

M. Iavarone, A. Scarfato, F. Bobba, M. Longobardi, S. A. Moore, G. Karapetrov,
V. Yefremenko, V. Novosad, and A. M. Cucolo, IEEE Trans. Magn. 48, 3275
(2012)

A. M. Cucolo, A. Scarfato, M. Iavarone, M. Longobardi, F. Bobba, G. Karapetrov,
V. Novosad, and V. Yefremenko, J. Supercond. Nov. Magn. 25, 2167 (2012)

F. Bobba, C. Di Giorgio, A. Scarfato, M. Longobardi, M. Iavarone, S. A. Moore,
G. Karapetrov, V. Novosad, V. Yefremenko, and A. M. Cucolo, Phys. Rev. B 89,
214502 (2014)

A.P. Volodin, and M.V. Marchevsky, Ultramiroscopy 42, 757 (1992)

A. Volodin, K. Temst, C. Van Haesendonck, and Y. Bruynseraede, Appl. Phys.
Lett. 73, 8 (1998)

E. W. J. Straver, J. E. Hoffman, O. M. Auslaender, D. Rugar, and Kathryn A.
Moler, Appl. Phys. Lett. 93, 172514 (2008)

O. M. Auslaender, L. Luan, E. W. J. Straver, J. E. Hoffman, N. C. Koshnick, E.
Zeldov, D. A. Bonn, R. Liang, W. N. Hardy, and K. A. Moler, Nature Physics 5,
35 (2009)

G. Binnig and H. Rohrer, Rev. Mod. Phys. 59, 3 (1987)

[37] Y. Martin and K. Wickramasinghe, Appl. Phys. Lett. 50, 1455 (1987)

[38]

[39]

G. Binnig, C.F. Quate, and Ch. Gerber, Phys. Rev. Lett. 56, 9 (1986)

J. Bardeen, Phys. Rev. Lett. 6, 57 (1961)



50

BIBLIOGRAPHY




Chapter 3

Vortex nucleation and

dynamics in Nb/Py hybrids

3.1 Introduction

The study of the vortex matter at the nanoscale has recently caught a lot of at-
tention due to its applicability in many systems. Superconducting vortices are a well
known and established class of vortices, each of them carrying a single flux quan-
tum and spontaneously arranging in a regular lattice inside the superconductor. At
the nanoscale, they can be experimentally investigated by using scanning probe mi-
croscopy techniques, such as magnetic force microscopy (MFM), at low temperature
and in external magnetic field. On the other hand, the progress of the deposition tech-
niques together with the lithography technologies allows the fabrication of Supercon-
ductor/Ferromagnet (S/F) multilayers only magnetically coupled, where the response
of superconducting vortices to the nano-variation in size and geometry of S and F
layers can be studied. In fact, by controlling the S and F thickness, the formation
of spontaneous vortex-antivortex pairs (V-AV), their confinement and mobility can be
tuned.

In the following, MFM experiments on nucleation and dynamics at the nanoscale of su-
perconducting vortices in magnetically coupled S/F heterostructures made by Nb/Py
will be discussed. Nb thin films exhibit type-II superconductivity whereas Py is a

ferromagnet presenting peculiar stripe-like magnetic domains due to an alternating

o1
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out-of-plane component of the magnetization.

Two different theoretical models dealing with the two opposite limits of superconduc-
tor film thickness greater [1] and smaller [2] than the penetration depth, dys > 1 and
% < 1 respectively, will be compared with MFM results. In Chapter 1, section 1.3.3,
the critical magnetization values required for spontaneous vortex nucleation were de-
duced in the framework of S/F bilayers in which the ferromagnet exhibits alternating
up-and-down out-of-plane magnetization vectors. In agreement with such models, in
magnetically coupled Nb/Py systems the vortex formation is due to the out-of-plane
components of Py magnetization =M. Hereinafter, we will define V or AV as the
quantum fluxes formed on the top of —My or +M, domains, respectively. In the
limit of § > 1 and % > 1, the model of Laiho et al. has been taken into account
[1]. The threshold magnetization values required to nucleate the first pair of sponta-
neous straight vortices M.s, which pierces through the superconducting film, or the
first vortex semiloop M, which is bent within the superconducting film, result in
M.s = O.Q%Hd and M, = 81:27‘4%) respectively. If M, > M_.,, the formation of
straight vortices is energetically favorable, and vice versa. On the other hand, in the
opposite limit of £ > 1 and % < 1, the model of Genkin et al. has to be taken

into account [2], where the threshold magnetization for spontaneous straight vortex

nucleation results in M, = 2<LH,,, with Aerf(T) = N(T') coth (%) [3]. Sponta-

4w

neous vortex formation will thus be energetically regulated by the threshold condition
Mo > M..

Close to the superconducting critical temperature T, the superconducting lower crit-
ical field is almost zero, giving M, ;)(Ts) ~ 0, so that the critical magnetizations
for the nucleation of spontaneous vortices are lower than M. As a consequence, at
T ~ T, the threshold condition is always satisfied and spontaneous vortices might be
formed in the Nb layer. By further decreasing the temperature, H.;(T) increases with
a corresponding increase in M, ;)(T). For this reason, at some point Mo < M)
can occur and vortices can move out from the superconducting layer. In particular,
vortices escape from the S layer when My < M5 and Usy < Upp, i.e. the energy
required to pin a vortex Ugy = ﬁHd ®yd, is much lower than the Bean-Livingstone
barrier Upp, = T2 Ho  ®oA [4].

The following experimental results indicate that, in the given Nb/Py system, vortex
nucleation and confinement is regulated only by the intensity of the out-of-plane com-

ponent of the magnetization with respect to the threshold value set by the thickness
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of both the S and F layers. Additionally, the external magnetic field allowed the in-
vestigation of in-field vortex nucleation, V-AV unbalancing and vortex motion. A field
cooling process was used to probe the change in V-AV population number whereas the
sweep of the magnetic field below the superconducting critical temperature was used to
force vortices into motion, resulting either in high mobility or in high rigidity followed

by vortex avalanche events depending on the threshold condition regime.

3.2 Sample Fabrication and Preliminary

Characterizations

Nb/SiO5 /Py heterostructures with 1um, and 2um of Py layers and Nb thickness
in the range 50--360 nm were fabricated in Argonne National Laboratory (Chicago, IL
(USA)) by Dr. V. Novosad, Dr. V. Yefremenko and Dr. S.A. Moore. In order to elec-
tronically decouple the F and S layers and suppress the proximity effect [5], a 10 nm thin
insulating SiO4 layer was placed between them. Py films were deposited by dc sputter-
ing from a NiggFesq target onto a Si substrate at a base pressure of 1.5 x 10~ Torr,
followed by a 10nm SiO, layer. The Nb films were deposited by dc sputtering at
room temperature in a dedicated system with a base pressure of 2 x 10~ 8T orr. Those
were characterized by both transport and magnetic measurements, showing a super-
conducting critical temperature of Ty = (8.8 £ 0.1)K. From transport measurements
[6] and by using the dirty limit expression as derived by Gor’kov [7, 8],£(0K) = 12nm
and A(0K) = 61nm were inferred. As a consequence, the superconducting lower crit-
ical field was calculated to be H.(0K) = 720G. At the MFM measurement tem-
perature of 6K, £(6K) = §(OK)\/£ ~ 2lnm, A6K) = 25 _ ~ 68um and

1-(£)°

H(6K) = 47r/\%>é’K)2 In (2‘((21@) = 418G have been derived.
Py is a ferromagnetic material where competing magnetic energies (magnetostatic,
exchange, magneto-elastic, domain wall and anisotropy) determine the domain config-
urations. In thin films, periodic stripe-like domains occur above a critical thickness of
te = 27‘(% [9], where A is the exchange constant and K, is the perpendicular anisotropy
constant [10, 11]. K, and consequently the critical thickness ¢. can be strongly affected
by the deposition parameters [?]. In the studied Py films, by considering the typical
value A = 1 x 10’6%, t. = 100 = 300nm is calculated. Stripe domains appear as

a consequence of a slight magnetization canting with respect to the overall in-plane
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orientation.The small out-of-plane components (£My) point alternatively in upward
and downward directions across adjacent stripes. The width w of the stripes can be
controlled by the Py thickness d,, following the phenomenological relation w = av/d,,
10, 11].

Typical magnetic hysteresis loops of Py 1lum and Py 2um, in perpendicular (3.1a-b)
and parallel (3.1c-d) configurations, are reported in 3.1. By measuring the satura-
tion fields Hy = 130 <+ 1600e and H,; = 11 + 12kQe, the saturating magnetization
My as well as the uniaxial anisotropy constant K, can be estimated, resulting in
M, = HiitrH” ~ 900G and K, = % ~ 6.3 x 10*. The comparison between
parallel and perpendicular saturation field values confirms the presence of an easy
magnetization axis mainly oriented in the film’s plane whereas the ratio £+ << 1

Kaq
(here K; = 2mrM? is the stray field energy density) indicates a weak perpendicular

anisotropy.
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Figure 3.1: a) Magnetic hysteresis loop of 1u-Py in perpendicular applied magnetic field. Top left
corner: MFM map of Nb(100nm)/Py(1pum) at T=12K and tip-Py separation of h=140nm. Bottom
right corner:FFT of the MEM map. b) Magnetic hysteresis loop of 2umPy in parallel applied magnetic
field. Top corner: MFM map of Nb(200nm)/Py(2pm) at T=12K and h=180nm. Bottom right
corner:FFT of the MFM map. c¢)-d) Magnetic hysteresis loop of 1pum- and 2um-Py in parallel applied

magnetic field

The MFM maps shown in the insets to fig. 3.1a-b, respectively on Nb/Py(1um) and
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Nblnm] | Pylum] | wnm]+Aw | 2 | % | M (6K) | My(6K) | M.(6K)
50 1.0 490 + 2% 7 |0.74 - - 15.9
100 1.5 15.1 32.6 -
150 2.2 24.9 33.9 -
200 2.9 33.9 34.2 -
360 5.3 61.5 34.3 -
120 2.0 790 + 4% 12 | 1.8 11.9 26.1 -
200 2.9 21.1 25.2 -

Table 3.1: The characteristic parameters of the measured Nb/Py bilayers and the respective critical
magnetization values at 7" = 6K are shown. By increasing the Py thickness, the stripe width also
increases following a square root dependence. Note that M. is always lower than M,; except in the

Nb(360nm)/Py(1pm) sample

Nb/Py(2um) samples, are taken at T=12K and relative separation of the tip from the
Py surface of 140nm and 380nm. Before the MFM experiments were performed, the
magnetic stripes were oriented along the preferred direction by applying an in-plane
external magnetic field greater than Hyj. Frequency spans of 1.1Hz in Nb/Py(1um)
and 1.7Hz in Nb/Py(2um), even though the tip-Py(2um) separation is higher, indi-
cate that the magnetic signal coming out from the 2um-Py sample surface is definitely
stronger than the one from lum-layer. In addition to this, in the 2um ferromagnetic
layer, not only the stripe conformation is much more straight and regular, but also the
magnetic roughness along the single stripe is significantly lower, as measured by a fre-
quency shift of around 0.16 Hz in 2um-Py and 0.4 Hz in 1um-Py layer. From the Fast
Fourier Transform (FFT) analysis of the MFEM maps, acquired in different areas of the
sample surface, an average stripe width respectively of 490nm + 2% and790nm + 4%
can be inferred, confirming the theoretical expectation w = a/d,, [10, 11].

In order to quantitatively compare the MFM results with the theoretical threshold
conditions for vortex nucleation, the thickness ds of the Nb films and the magnetic
domain width w were experimentally measured by tuning the thin film deposition rate
and time, and by a statistical analysis of the MFM maps by FF'T. Moreover, the knowl-
edge of {(6K) and A(6K) derived from transport and magnetic measurements allows
the estimate of H. (6K).

In table3.1 the thickness of the superconducting films and the magnetic domain width



56 3. VORTEX NUCLEATION AND DYNAMICS IN NB/PY HYBRIDS

are compared to the magnetic size of the vortex as well as the strength of the critical
magnetizations is derived. For all the analyzed hybrids, the ratio ¥ is greater than 1.
On the other hand, Nb(50nm)/Py(1um) sample, being within the limit df < 1, satisfies
the conditions of model [2], whereas all other samples are in agreement with model [1],
having % > 1. From table3.1, one can note that the formation of spontaneous straight
vortices, at the measurement temperature of T' = 6K, is energetically favored in most
cases, since it results M s(6K) < M (6K). Ounly in the case of Nb(360nm)/Py(1um)

sample the semi-loop vortices are expected.

Usv
UsL
0.6/ Nb200nm
0.5
Nb 150nm
0.4
| Nb 120 nm
0.3}
Nb 100nm
0.2
Nb 50nm
0.1

2 4 6 8 TK

Figure 3.2: Temperature-dependence of the ratio in the studied Nb/Py

As introduced in section 3.1, once vortices are formed at T' &~ T}, they will stay in
the superconducting layer if the intensity of the out-of-plane components My of the Py
magnetization is enough to sustain them (i.e. the temperature-dependent threshold
conditions are satisfied). If under-threshold, they can still be confined in the supercon-
ductor whenever the energy of the single vortex Uy, is higher than the energy of the

Bean-Livingston Barrier Ugy,, so that the escape condition is not satisfied. In fig.3.2,

the plot of the ratio g;‘; as a function of the temperature for all of our samples is
reported. Being UU—BUL < 1 always respected, spontaneous V-AV occurences will be only
regulated by the My value, thus ruling out Bean-Livingston confinement.

In particular, by comparing the calculated values of the critical magnetizations of 15.9G

for Nb(50nm)/Py(1pm) and 15.1G for Nb(100nm)/Py(1pm), with the measured value
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My = 16G [6], [14], [15], we expect a spontaneous formation of V-AV in both samples,

even though the threshold values are very close to the measured Mj.

3.3 Superconducting Vortex Nucleation

In fig.3.3a-b the MFM images of Nb(100nm)/Py(1pm) and

Nb(50nm)/Py(1pm), below the superconducting critical temperature, are shown. As
expected, the Nb(100nm)/Py(1um) bilayer (3.3a) forms spontaneous vortices and anti-
vortices in the center of the oppositely polarized stripes, with a vortex polarity collinear
with the magnetization of the underlying stripe domain [13]. In a scan area of 3.8um x
3.8um a low density of vortices, with unequal number of vortices and antivortices,
with "up” polarity vortices dominating, is observed. To gain further insight into the
imbalanced vortex - antivortex phenomenon, FC measurements in both positive and
negative magnetic fields were performed. Depending on the magnetic field present dur-
ing cooling, a change in the relative density of vortices and antivortices is expected to
occur as a consequence of the compensation or enhancement of the local magnetization
My by the applied magnetic field. Figure 3.3¢ shows an MFM image acquired after
a FC in H=+6G. Antivortices appear above the proper stripes whereas no vortices
are present above oppositely polarized magnetic stripes. On the other hand, the map
acquired after a FC in higher negative field H=-27G (fig. 3.3d) still shows the presence
of both V and AV, even though the density of vortices with the same polarity as the
external applied field becomes higher.

No clear evidence of spontaneous V-AV formation was shown by the Nb(50nm) /Py (1pm)
sample but instabilities or jumps in the MFM image (marked with arrows in fig. 3.3b),
and high contrast modulation along the stripes were measured. These jumps, which
always appear in the direction of the fast-scan axis, are due to the interaction of a
magnetic object (eventually a vortex) with the magnetic tip itself. Jumps due to the
vortex motion are also visible in 3.3c-d and their geometrical confinement inside the
stripes proves the role of the Py out-of-plane component as a strong magnetic pinning
source acting against the possibility for vortices to move perpendicularly to the stripe

domains, by crossing the domain wall barrier.
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Figure 3.3: MFM maps in zero field cooling of a) Nb(100nm)/Py(1um), T = 6K, h = 130nm; b)
Nb(50nm)/Py(1pm), T = 6K, h = 200nm. MFM of Nb(100nm)/Py(1pum) at T'= 6 K and h = 180nm
field cooled in ¢) H = +6G, d)H = —27G

The behavior below the superconducting critical temperature of samples with thicker
superconducting layers, Nb(360nm)/Py(1um), Nb(200nm)/Py(1pm) and Nb(150nm) /Py (1um)
is presented in fig. 3.4 [13]. The Nb diamagnetism causes the attenuation of the stripe
contrast as the thickness of the superconducting layer grows up. Keeping the tip-sample
separation fixed at h = 110nm above the Nb surface, a low magnetic contrast is ob-
served in the thickest sample (Nb 360um - fig. 3.4a), where the magnetic template is
almost completely shielded. On the contrary, magnetic stripes appear visible whenever
the Nb thickness is at or below 150nm (fig. 3.4¢). Clearly, a more efficient screening of
the Py out-of-plane magnetization component occurs in the thickest superconducting
layer. In Nb(200nm)/Py, fig. 3.4b, the tip-sample separation has been reduced down
to h = 60nm in order to gain sensitivity.

All attempts to unveil spontaneous V-AV in Nb(360-200-150nm) /Py (1pm) failed, thus
confirming the agreement between the theoretical model [1], which predicts M.s =

61.5G, 33.9G, 24.9G respectively, and the measured value My = 16G, estimated from
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the transport measurements.

Figure 3.4: MFM maps in zero field cooling of a) Nb(360nm)/Py(1pm), T=6K, h=110nm; b)
Nb(200nm)/Py(1pm), T=6K, h=60nm; Nb(150nm)/Py(1um), T=6K, h=110nm. MFM maps of d)
Nb(360nm)/Py(lpm), €) Nb(200nm)/Py(1pm) and £) Nb(150nm)/Py(1um) field cooled respectively
in H=—16G, H = —11.5G, H = +10G

Since the stray field from 1pmPy film was not sufficient by itself to induce vor-
tices, these Nb/Py samples were cooled down in an out-of-plane external applied
magnetic field. In fig. 3.4d-e-f, the three MFM maps acquired at T = 6K for
Nb(360nm)/Py(1pm), Nb(200nm)/Py(1pm) and Nb(150nm)/Py(1pm), field cooled in
H =—-16G, H = —11.5G and H = +10G respectively, are reported. As expected, only
the vortices parallel to the external field direction are created. In fig. 3.7f, the intensity
of the field was tuned in order to get a vortex-vortex distance matching the formation
of a triangular (or hexagonal) vortex lattice, provided the stripe confinement.

The formation of spontaneous V-AV pairs in samples with thicker Py layer was demon-
strated in Nb(200nm)/Py(2um) (3.5a) and
Nb(120nm)/Py(2um) (fig. 3.5b). The experimental evidence of spontaneous V-AV
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nucleation and its comparison with the model [1], to which these samples within the
limit d—; > 1 refer, allow to infer the lower limit of the 2um-Py out-of-plane component
value, resulting in |[Mo_ pyaum| > 21.1G. In these samples the vortex density along the
stripes is high and almost uniform as well as there is a tendency for spontaneous vortices
and antivortices to be paired with each other. We correlate these experimental results
to the stronger magnetic template, together with wider magnetic stripe domains, and
to the thickest superconducting layer. As compared to the 1um-Py layers, the stripe
conformation in the 2pum-Py samples is more straight and regular, the magnetic signal
coming out from the surface is stronger and the magnetic roughness along the single
stripe is smaller, thus highlighting a much more uniform canting of the ferromagnet’s
magnetization. The frequency signal of the vortex compared to the stripe’s magnetic
background is 0.97mHz in Nb(200nm)/Py(2pm), 0.3mHz in Nb(120nm)/Py(2um) and
0.4mHz in Nb(100nm)/Py(1um), indicating that, as expected, superconducting leaks
occur in the thinnest samples. We speculate that the decoupling of V-AV pairs in
Nb(100nm)/Py(1um) may be affected by the tendency of the magnetic field lines com-
ing out from a vortex to close inside the leak, instead of the paired antivortex, as well
as by the presence of smaller magnetic stripe domains so that any inhomogeneity in

the stripe width induces very inhomogeneous vortex density.

Figure 3.5: MFM maps in zero field cooling of a) Nb(200nm)/Py(2um), T=6K, h=180nm; b)
Nb(120nm)/Py(2pum), T=6K, h=180nm. The MFM map of Nb(200nm)/Py(2um) field cooled in
H = 460G, h=150nm is shown in (c)

Finally, in fig. 3.5c, the low temperature MFM map of
Nb(200nm)/Py(2um) after a field cooling in H = —60G is shown. The strength of

the field is not enough to completely compensate the +M, magnetic domain and, as a
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consequence, both the families of quantum fluxes are still in the sample. A very high
vortex mobility can be inferred from the frequent ”vortex jumps” facilitated by the

scanning with a magnetic tip.

3.4 Superconducting Vortex Dynamics

In fig. 3.6, the comparison between vortex motion in
Nb(360nm)/Py(1pm) and Nb(200nm)/Py(2um) under the sweeping of the magnetic
field is reported. Figure 3.6a-b-c-d shows the behavior of vortices in Nb(360nm) /Py (1pm),
after a field cooling of the sample in H = —21G and by sweeping the field up to positive
values. After an initial phase, where the vortex configuration appeared rigid, few vor-
tices start moving and, at H = +80G (fig.3.6a), a non-uniform spatial distribution of
the vortex density takes place. As a consequence of jamming events, influenced either
by the intrinsic pinning or by inhomogeneities in the magnetic template, anomalous
accumulations of vortices can occur. By further increasing the external field pressure,
a switching event happens at H = +1220e, captured in fig.3.6b, and an antivortex
avalanche enters during the external magnetic field sweep. The regular vortex pattern
present in the lower half of fig.3.6b, recorded before the avalanche entered, is suddenly
destroyed and a disordered flux distribution sets up in the upper half of the image
3.6b. From this point, by keeping the field constant, the vortex arrangement appears
not to match the Py stripe pattern anymore (fig.3.6¢). Such a disordered distribution
of antivortices (with respect to the underlying magnetic background) remains present
even when the external field is reduced to zero (fig.3.6d)). To check if the disordered
vortex pattern was induced by any modification of the Py stripes, the sample was
consequently warmed up above the Nb superconducting critical temperature, where
stripes appeared to be unchanged from the original configuration.
The scenario of the vortex dynamic is completely different in
Nb(200nm)/Py(2pm), where spontaneous vortices appear below the superconducting
critical temperature. In this case, there is no need to cool down the sample in a neg-
ative (positive) magnetic field and then sweep it to the opposite polarity, since both
vortices and antivortices are already in the sample. The extremely high mobility of the
spontaneous vortices was imaged by keeping the fast-scan axis as parallel as possible
to the stripes in order to follow the vortex motion. Fig.3.6e-f-g-h show the MFM maps
acquired while the field is sweeping respectively from —60G to —94G, from —159G to
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—191G, from —289G to —323G and from —483G to —516G and, due to the continuous
motion of vortices under the tip apex, it was not possible to get a clear image of single,
well defined, vortices. By sweeping the magnetic field down to —600G, no occurrences

of avalanches were recorded.

Figure 3.6: a)-d) MFM maps of Nb(360nm)/Py(1pum) at T=6K, h= 110nm. After a field cooling
in H = —21G@, the field has been swept up +800e (a), from +800e to +122G (b) kept constant at
+1220e (c) brought down to 0G (d). e)-f) MEM maps of Nb(200nm)/Py(2um) at T=6K, h= 250nm.
The field has been applied below Ts and swept from 0G to —600G

3.5 Magnetization Measurements

Temperature-dependent low-field magnetization M (T') curves have been acquired
on several Nb/Py samples, in zero-field-cooling (ZFC) and field-cooling (FC) processes
as follows. The samples were first cooled down to 5K in zero magnetic field, then a
small field was applied and the ZFC curve was obtained by measuring the magnetiza-
tion as a function of the temperature during the warming of the samples up to 10K.
After that, the FC curve was measured while cooling the sample down to 5K, in the
presence of the applied magnetic field. In the inset of 3.7a, we report both the ZFC
and FC curves measured in applied magnetic field of 200e perpendicular to the film
plane for the sample Nb(200nm)/Py(2um). The ZFC curve, in the main graph of 3.7a,
shows the characteristic behavior of a superconducting M (T'), with the shielding of the

magnetic field starting just below the superconducting critical temperature.
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Figure 3.7: a) ZFC magnetization measured as function of 7' during the warming-up of the
Nb(200nm)/Py(2pum) sample in a 20 Oe magnetic field perpendicular to the film plane. In the in-
set: ZFC and FC magnetization curves. b) Field dependence of the difference between the upper
demagnetization branch and the lower magnetization branch of the loops in Nb(200nm)/Py(2um) and

Nb(120nm)/Py(2pm) normalized to the Nb layer thickness ds. In the inset: hysteresis loops for both
samples, at T=6 K without the contribution of the Py film, in the perpendicular field configuration.

On the other hand, magnetic hysteresis loops measured below T (inset of fig.3.7) in
perpendicular configuration on two different samples with the same Py thickness (2um),
but Nb of 200nm and 120nm respectively, prove that the value of the critical current
density j. remains the same. This indicates that the vortex pinning is dominated by
the underlying ferromagnetic layer rather than by an intrinsic pinning of Nb. The
magnetic response of Nb layers at T=6K, shown in the inset of 3.75b, was determined
by subtracting from the M (H) measured at T' < T the same curve measured at 7' > T5.
From the hysteresis loops in the superconducting state, one can evaluate the critical

current density by calculating the ratio Ad—M, where AM is the difference between the
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upper demagnetization and the lower magnetization branches of the loops and dy is

the Nb layer thickness. As shown in 3.7b, the Ad—M curves are perfectly overlapping.

3.6 Conclusions

In this chapter,vortex-antivortex formation in magnetically-coupled Nb /Py bilayers,
by varying both the superconducting and ferromagnetic thicknesses has been investi-
gated. By studying the magnetostatic interaction between S and F layers satisfying
the constraint § > 1, the threshold condition My > M, ;) to form spontaneous V-AV
(straight or semiloops) can be derived, in both limits of superconducting layer thick-
ness greater or smaller than the penetration depth,% > 1or % < 1. By analyzing the
temperature behavior of M, ;)(7'), one can deduce that vortices are always formed
right below the superconducting critical temperature T, where M ;(Ts) = 0. As
the temperature decreases, M. ;)(T) increases and the threshold condition can re-
sult to be no longer satisfied, allowing the exit of superconducting vortices from the S
layer whenever the escape condition ds << (m + 2)\ is respected. The studied Nb/Py
samples always satisfy the escape condition, addressing the occurrences of spontaneous
V-AV formation to a My value higher than M., (T').

By referring to [2] for Nb(50nm)/Py(1xm) and to [1] for

Nb(100nm)/Py(1um), we should expect spontaneous V-AVs if My_py1,m) > 15.9G
and Mo_py(1m) > 15.1G, respectively. From transport measurements [6, 14, 15],
Mo_pyum) = 16G was estimated and from the imaging of spontaneous V-AVs in
Nb(100nm)/Py(1p m), My_pyum) > 15.1G was confirmed by MFM. On the other
hand, the vortex nucleation in Nb(50nm)/Py(1x m) still leaves some open questions.
A strong indication of the vortex nucleation in this sample is the presence of jumps
appearing in the MFM map only below T,. These jumps are the signatures of the
interaction between the magnetic tip and the superconducting vortex. However, it is
not surprising to find clearer evidence of spontaneous V-AVs in Nb(100nm)/Py(1pm)
rather than in Nb(50nm)/Py(1pum). In fact, when the penetration depth \(T') starts
being greater than the superconducting thickness, it has to be corrected into Aesf(T) =
A(T) coth (A?—T) [3]. As a consequence, as Aqrf(T) > A(T'), vortices swell and a greater
My value is required to accommodate them on the stripes. From a theoretical point
of view, this results in using model [2] instead of [1] that fails to satisfy the validity

condition % > 1. In fig. 3.8, the behavior of M, vs ds, for the two models, together
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with the dependence of A ;¢ on the superconducting thickness, is reported. In the
framework of model [2], any further reduction in the superconducting thickness, due
for example to the presence of few oxide layers, will favor V-AV formation, provided
that the condition /\Lff > 1 is satisfied. In the case of Py(1um), where w ~ 490nm, the
thinnest superconducting layer satisfying the model results to be ideally 10nm thick.
On the other hand, the spontaneous V-AV nucleation in

Nb(120nm)/Py(2pm), Nb(200nm)/Py(2um) in comparison with the model [1] let us
deduce My_py(2m) > 21.1G.

In summary, the robustness of the two theoretical models describing spontaneous vortex
formation in the S/F bilayer has been experimentally proved by the MFM results, as
well as an estimate of the value of ferromagnet’s spontaneous out-of-plane magnetiza-
tion My has been inferred. In addition to this, the field cooled experiments demonstrate
that either vortices or antivortices, depending on the sign of the external field, can be
formed in the samples that lack sufficient magnetization to form spontaneous V-AV
pairs. The zero-field cooled experiments on samples fulfilling the condition for sponta-

neous V-AV formation show that the V-AV population density can be unbalanced.
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Figure 3.8: The behavior of M., Mcs and M.y vs ds at T=6K is reported. The intersection points

between black dashed line-M. and black dashed line-M s draw respectively the lower limit of the

model [1] and the upper limit of [2]. The intersection point between the red dashed lines draws the
lower limit of the model [2], resulting in ds = 10nm in the studied S/F system

The dynamics of vortex and anti-vortex lattice under a changing applied magnetic
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field has been additionally studied. Different behavior has been observed in the case
of spontaneous V-AVs compared to the case of Vs (or AVs) formed in external field
cooling. After a field cooling in a negative static field, Nb(360nm)/Py(1um), in the
under-threshold regime, correctly shows Vs populating the proper stripes. This vortex
configuration appears rigid when the field is swept from negative to positive values, up
to 122G when an avalanche of antivortices penetrates the superconducting layer. In
fact, once this critical field is reached, vortices are locally driven out and antivortices
completely penetrate inside the sample, regardless of underlying magnetic template.
A different case of vortex lattice displacement before and after an avalanche in the
Nb(200nm)/Py(1pm) sample is reported in literature [16]. In that case, even though
the antivortices suddenly penetrated the Nb layer, the magnetic confinement imposed
by the Py stripe domains was still visible. The antivortex dislocation occurring in
Nb(360nm)/Py(1pum) can be addressed to the decreasing influence of the magnetic
template on the Nb surface by increasing the Nb thickness so that, in a thick supercon-
ducting layer, during an abrupt phenomenon such as the avalanche, the antivortices
can assume a disordered configuration. On the other hand, if the magnetic field is
swept in the presence of spontaneous V-AVs, a completely different vortex dynamic
occurs. No avalanches have been observed in Nb(200nm)/Py(2um) by ramping the
external magnetic field from 0 to —600G, but a continuous motion of V-AVs occurs,
as revealed in the MFM data. The magnetic template guided the vortices along the

magnetic channels, preventing them from crossing the domain walls.
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Chapter 4

Vortex confinement in S/F

hybrids

4.1 Introduction

Topological defects and singularities are often present in the microscopic structure
of magnetic materials as showed by a variety of imaging methods: optical microscopies
(magnetic Kerr and Faraday), electron-based microscopies (Lorentz, spin resolved scat-
tering and photoemission), X-ray microscopies (transimission and circular dichroism),
local probe microscopies (magnetic force and spin polarized scanning tunneling mi-
croscopy) [1]-[9]. Some of these techniques have been successfully used to investigate
the superconducting vortex distribution and dynamics both in superconducting thin
films and in S/F heterostructures [10]-[16] as well. Here, the existence of a stable mixed
state results from the intrinsic repulsive interaction between superconducting vortices
of the same polarity. However, peculiar cases of attractive vortex-vortex interaction
have been also considered and reported in literature [17]-[23]. In such a scenario, a
first order phase transition occurs at the lower critical field H.q, with a discontinuous
increase of flux density. In this case, many vortices abruptly penetrate the supercon-
ductor in the form of lattice or chains. Moreover, clusters of flux quanta might be
induced in S/F superlattices as a consequence of the spatial modulation of the mag-
netic susceptibility, resulting in vortex attraction [24]. This being said, also in the

standard scenario of vortex-vortex repulsion, vortex chains and vortex clusterization

69
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as well as multi-vortex and giant vortex phases can be induced by a strong confinement
potential, either magnetic or geometric [25]-[29].

Up to now, low temperature magnetic force microscopy (MFM) has been a useful tool
to image vortex clusters pinned by a periodic array of magnetic dots in S/F structures
[30],[31] as well as vortex chains in S/F bilayers only magnetically coupled [32]-[35].
On the other hand scanning tunneling microscopy and spectroscopy (STM/STS) has
been successfully used by Roditchev et al. [36] to study the geometrical confinement
effects on the stabilization of superdense multivortex and giant vortex phases. In this
chapter, it will be shown as intrinsic dislocations of a stripe-like magnetic pattern,
forming bifurcations, can act as confinement sites for superconducting vortices. The
magnetic imaging of such dislocations, above and below the S critical temperature T,
is of fundamental relevance to get insight into both their magnetic topology and their
confinement power for superconducting vortices. To study the local magnetic behavior
of ferromagnetic sample MFM is an extremely useful tool, even though it is only sen-
sitive to out-of-plane stray fields and it is limited by a lower spatial resolution of few
tenth of nm, strongly dependent on the lift-height used while scanning. MFM allows
imaging of flux quanta as well, being sensitive to the London penetration depth A,
which measures the magnetic field decay from the normal core. On the other hand,
once the magnetic structure is known, STM/STS, sensitive to spatial variation of the
amplitude of the superconducting order parameter rather than the magnetic profile,
make possible detailed measurements of the density of electronic states (DOS) outside

and inside the vortex core, with a sub-nanometric spatial resolution.

4.2 Sample Fabrication and Preliminary

Characterization

Several S/F heterostructures only magnetically coupled, made by Nb/Py and
Pb/[Co/Pd]muititayers, were fabricated for MEM and STM/STS investigation respec-
tively.

Nb/SiO2 /Py, consisting of 100—, 150—,200 — nm of Nb as the superconductor and
1—,1.5 — um of Py as ferromagnet, were fabricated ex-situ for MFM measurements,
by following the deposition procedure described in Chapter 3, section 3.2.

Pb/Al;O03/[Co/Pd)muititayers, consisting of 30-nm film of Pb as the superconductor
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and 200 bilayers of Co(2nm)/Pd(2nm) as the ferromagnet, were made for STM/STS
analysis. The Co/Pd multilayers were deposited ex-situ, at Argonne National Labora-
tory (Chicago, IL (USA)) by Dr. Valentyn Novosad, on Si substrates by dec sputtering
in a dedicated system and in presence of an applied in-plane magnetic field, favoring a
stripe-like magnetic domain pattern. A 10-nm Al>O3 film was made by rf sputtering
deposition from an Al target, in order to insulate the F from the S layer and suppress
the proximity effect. Finally, a 30-nm Pb film was deposited in-situ via e-beam evapo-
ration at low temperature (120 K) and base pressure of 107! Torr, followed by a room
temperature annealing. This procedure guaranties a flat and clean surface, suitable
for STM studies. The UHV chamber, where Pb films were made is linked to the STM
chamber where the experiments were performed, in order to avoid surface contamina-
tion due to the exposure of the films to the air. It is well known that Pb bulk exhibits a
type-I superconductivity (with &pp puir(0) ~ 83nm and App puik(0) = 37nm), however,
Pb thin films allow the penetration of flux quanta, behaving as type-II superconduc-
tors. In a twin 30-nm Pb film a {pp(0) ~ 54nm [37] has been measured as well as
App(0) = 134nm has been calculated, by using App pur(0) ~ 1.83% [38] and
by taking into account the thickness correction Acs¢(T) = A(T) coth (%) [39].

Thick Py films, as well as Co/Pd multilayers, have striped magnetic domain pattern,
made by magnetization vectors with out-of-plane components alternating direction
from one stripe to the next. However, as discussed in Chapter 3, in Py, the in-plane
easy magnetization axis is such that the canting angle of the magnetization vector
is very small and magnetic stripe domains are formed only when a critical thickness
(t. ~ 200 — 300nm) is overcame. Above this threshold, the stripe width w grows as
the square root of the film thickness d,, [40],[41]. A Py thickness of 1 — 1.5um en-
sures stripes big enough (w =~ 500nm) to accommodate vortices in Nb, whereas at the
measurement temperature of T = 6K, Ayp(6K) ~ 68nm. The domain size as well
as the weakness of the out-of-plane magnetic stray field of Py are suitable for MFM
experiments, whereas, on the contrary, [Co/Pd]puitilayers, having an out-of-plane easy
magnetization axis and a relatively high stray field, would cause overlapping of su-
perconducting vortices on the scale of A, eventually not individually resolvable by
MFM. On the other hand, a smaller domain width of w ~ 200nm can be achieved in
Co(2nm)/Pd(2nm)200—bilayers, Which, for technical reasons, helps during STM/STS
experiments. In fact, the Unisoku USM1300 *He STM has a maximum scan size of

around 500nm x 500nm at the measurement temperature of 7' = 1.5K. In addition
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to this, while Nb is not a good material for STM investigation, due to the ease in
oxidation, Pb, with a T, = 7.2K, is not suitable for the presented MFM experiments,
performed in the Omicron-SFM, limited by a base temperature of 5K.

Magnetic imaging available in literature as well MFM maps presented in this chapter
clearly show that dislocations where two domains converge and coalesce in a single
domain, namely bifurcations, often occur in ferromagnetic materials with stripe-like
pattern of the magnetization (fig.4.1a). While those are driven only by the out-of-
plane magnetization in [C'o/Pd]muitilayers, in Py the role of the in-plane magnetization

has to be taken into account.

repulsion attraction

Figure 4.1: a) MFM map showing a bifurcation in Nb(200nm)/Py(1um) at T=13K; b) sketch of
the in-plane magnetization vector around the bifurcation; c) sketch of the in-plane magnetization
vector around the bifurcation in presence of reversed in-plane domains. d) micromagnetic simulation

of meron-like spine texture at the dislocation site [9].

From the micromagnetic point of view, two possibilities can occur at the bifurcation
core: either the in-plane magnetization keeps the same direction all around the bifur-
cation (fig.4.1b) or an in-plane reversed magnetization vector makes half of a magnetic
vortex around the endpoint of the opposite stripe (fig.4.1c). In fact, due to topolog-

ical defects along the stripes, a Bloch point can suddenly occur, causing an in-plane
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magnetization reversal process. From here, the in-plane magnetization with reversed
component can travel along the stripe, eventually running into a bifurcation where it
makes 180° rotation. However, in the latter case, not only the in-plane magnetization
makes half of a magnetic vortex around the stripe endpoint but also the out-of-plane
component flips its polarity by crossing the domain wall from the bifurcation core to
the interrupted stripe (fig.4.1d). The combination of these two effects, gives rise to a
meron-like spin terture. This peculiar magnetic configuration has been predicted to
appear at stripe endpoints in helical magnets [44] and brought up to the evidence by
high resolution transmission X-ray magnetic microscopy in ferromagnetic thin films [9].
Unfortunately, MFM cannot to discern wether or not there is a meron around the end
point of the interrupted domain.

However, a common feature of all the MFM images acquired in several dislocations,
on both Py and Co/Pd multilayers ferromagnets, is the strong enhancement of the
magnetic contrast at the bifurcation core.

It is well know that materials with weak and high perpendicular anisotropy, @ =
% << land Q = % >> 1, present different magnetic domain arrangements as
well as stray field profiles. In high-Q materials the stray field has been described as
the consequence of a periodic distribution of magnetic charges +47 M in neighboring
domains, arising from the discontinuity of the magnetization at the surface (fig.4.2a).
In low-Q materials, as Py, the domains are not homogeneously magnetized perpendic-
ular to the surface but form a twisted structure (closure domains) (fig.4.2b,c). This
corresponds to having magnetic charges that are not residing at the surface but are
distributed within some layers near the surface. The resulting out-of-plane stray field
is weaker than in the high-Q materials and presents smoother profile. However, recent
micromagnetic simulations, based on experimentally measured magnetization loops,
support the presence of closure domains also in [Co/ Pd]multilayers films, even being a
high-Q material. Further investigation are needed to follow up in this direction.
Figures 4.2a,b show the front view of a section of high-Q and low-() materials respec-
tively, with a schematic of magnetic domain arrangement and stray field lines. As
shown in fig.4.2b (and in the 3D sketch of fig.4.2¢), in low-Q materials the closure do-
mains appear at the domain walls near the sample surfaces with the aim of confining
part of the magnetic flux inside the sample itself, because the gain in the magnetostatic
energy is higher than the lost in the magnetic anisotropy. On the contrary, in high-

Q materials, the magnetic anisotropy is too strong to allow the formation of closure
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domains. In fact, in such domains, the magnetization direction is normal to the out-
of-plane magnetization (as well as to the in-plane component in Py-like ferromagnets).
The formation of the closure domains at the domain walls causes a reduction of the
out-of-plane surface magnetization as well as a sinusoidal modulation of the out-of-

plane stray field.

s

Figure 4.2: a)-b)front view of a section of high-Q and low-Q materials respectively, showing magnetic
domain arrangement and stray field lines. c¢) 3D sketch of magnetic domain arrangement in low-Q
materials; d) 3D sketch of a magnetic bifurcation. Dotted arrows are representative of stray field lines

which converge at the bifurcation core and at the end point of the interrupted stripe.

Wether or not the closure domains are formed in the ferromagnet, the deviation
from a regular domain arrangement that happens in presence of a bifurcation pushes
the stray field lines to converge on the bifurcation core as well as at the end point
of the interrupted stripe (see fig.4.2d), thus causing the experimentally measured en-
hancement of the out-of-plane stray field. In addition to this, in presence of closure
domains, the stray field lines coming from the exceeding volume of magnetic material
at the bifurcation core, with respect to the stripe magnetic channel, are not confined
by the closure domains, thus allowing the enhancement of the out-of-plane magnetic

signal.
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4.3 MFM study of vortex confinement in Nb/Py

In fig.4.3, the comparison between MFM maps acquired above (fig.4.3a, b, ¢) and
below (fig.4.3d, e, f) the Nb critical temperature on three different samples, respectively
Nb(150nm, 200nm, 100nm)/Py(1um), are shown. Above T, at T = 13K, the images
show the peculiar stripe-like domain pattern of Py, with a stripe width w ~ 500nm,

focusing on dislocations of the regular magnetic structure.

Figure 4.3: (a - b - ¢) MFM maps acquired at 7' = 13K and H = 0 on Nb(150nm)/Py(1um),
Nb(200nm)/Py(1pum) and Nb(100nm)/Py(11um) respectively. MEM maps acquired at 7' = 6K and
on (d) Nb(150nm)/Py(1pm) field cooled in the magnetic tip’s field, (e) Nb(200nm)/Py(1pm) field
cooled in H = 300e, (f) Nb(100nm)/Py(1um) zero field cooled. Each map is 3.8um x 3.8um in size.

MFM maps above and below T's are affected by a small thermal drift.

The significantly increase of the magnetic contrast at the core of the bifurcation is
representative of stronger stray-field coming out from there.
Below the Nb Ty, superconducting vortices are favored to nucleate at the fork. Figure
4.3d shows the MFM map acquired on Nb(150nm)/Py(1um) at T = 6K after a field
cooling in the magnetic tip’s field. A vortex sits in the middle of the dislocation and

it is spaced from its nearest neighbor by a distance sensibly smaller than the recip-
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rocal distance between the others. Differently, MFM maps acquired at T = 6K on
Nb(200nm)/Py(1um) (fig.4.3¢) and Nb(100nm)/Py(1pm) (fig.4.3f) show a magnetic
spot with strong contrast on the bifurcation, surrounded by individual vortices nucle-
ated in a field cooling of H = 300e¢ and in zero field cooling respectively. Unfortunately,
the MFM lateral resolution is not enough to discriminate a vortex cluster rather than

the nucleation of a giant vortex at the bifurcation.

Figure 4.4: patchwork of two MFM images acquired at 7' = 6K, after a zero field cooling, in adjacent
and partially overlapping locations on Nb(150nm)/Py(1.5um) surface. Each map is 3.8um x 3.8um

in size.

Moreover, a patchwork made by two MFM maps acquired after a zero field cooling
on Nb(150nm)/Py(1.5um) at T = 6K, shows again a superconducting vortex nucle-
ation at the dislocation site. It is worth to notice that either a couple of vortices,
or a vortex moveable due to scanning, appear on the top of the bifurcation, a vortex
of opposite polarity (antivortex) is consequently induced on the adjacent and oppo-
site stripe and a third, red, vortex appears in proximity of the dislocation. No other
vortices (or antivortices) populate the imaged areas, being the proof that the local equi-
librium magnitude of the out-of-plane magnetization might not be enough to nucleate
spontaneous vortices [35], [42], [43]. However, vortex nucleation is expected wherever

the stray field is high enough, that might be bifurcations or topological defects of the
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magnetic structure where Bloch points occur. In such a case, the spontaneous vortex
nucleation at the bifurcation, together with the single isolated vortex along the stripe,
might appear as a consequence of a Bloch point-meron pair.

In fig. 4.5 a strip of 12um x 3.6um in size, made by a patchwork of MFM im-
ages acquired at T = 6K in four adjacent and partially overlapping locations on
Nb(150nm)/Py(1pm) surface, is presented. After a stray field unbalancing of 7.50e¢
was measured, the sample was cooled down in H = 11.50e. Such a value guaranties
the achievement of the matching field H,, = % % [45], having one flux quantum per

unit cell of the hexagonal array, where the vortex-vortex distance d is tuned by the

pinning potential period, resulting in the stripe period in the considered system.

Figure 4.5: Upper side: patchwork of four MEFM images acquired at T' = 6K, after a field cooling
in H = 11.50e, in adjacent and partially overlapping locations on Nb(150nm)/Py(1pm) surface. The
total size of the strip is 12um x 3.6um. Bottom side: sketch of supercurrent path (red arrows) on the

top of domain walls and of the Lorentz force vectors (blue arrows) acting on vortices.

After the field cooling, vortices nucleate on the proper underlying magnetic domains,
with a polarity triggered by the external field. They appear on a partially shielded

background, where the weakness of the superconducting diamagnetism, due to a thin
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Nb film, helps to recognize the magnetic stripe-like pattern underneath. Wherever the
stripe pattern is straight and regular, as in the left half-image of fig.4.5, hexagonal
arrangement of vortex lattice occurs. In the right half-image the regularity of the
hexagonal array is lost and an inhomogeneous distribution of flux quanta takes place,
with a higher vortex density. Such less regular arrangement is clearly driven by the
presence of two dislocations of the magnetic stripe structure. Here, the curvature
of two stripes converging in the bifurcation, acts as an accumulation area, proving
that the topology itself of the bifurcation affects vortex distribution. In fact, vortex
configuration inside the stripes is set by Lorentz force, external magnetic field, vortex-
vortex repulsion and magnetic confinement. In presence of straight magnetic domains,
the Lorentz force vectors, being always normal to the domain walls where supercurrents
flow and parallel to each others, push vortices in the middle of the stripes (bottom-
left side of fig.4.5). In such a case, the vortex distribution is set by their reciprocal
repulsion, causing an uniform intervortex distance, fixed by the net magnetic field
experienced by the S, sum of F stray field and external applied field. Instead, whenever
the domain walls curve, the Lorentz force vectors are locally not parallel (bottom-
right side of fig.4.5), causing modulations of the intervortex distance. Moreover, right
at the bifurcation core the matching condition is not longer satisfied because of the
enlargement of the domain size and, in addition to this, the interruption of a domain
abruptly causes one period shift of the vortex lattice.

In addition to this, MFM maps shows that a shortening of the vortex-vortex distance
can happen whenever the magnetic channels abruptly interrupt or make a fork. In fact,
along a magnetic channel of infinite length, provided the magnitude of the external
field, vortices would make a chain keeping a constant vortex-vortex distance. Here,
each vortex inside the chain, would feel the same net repulsive force from each one
of its two sides, thus leading to a constant intervortex distance. On the contrary, a
force unbalancing is felt by vortices close to magnetic channel interruptions. On one
side they feel a long-range repulsive interaction due to the semi-infinite vortex chain,
whereas on the other side only the Lorentz Force would keep them away from the

domain wall.
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4.4 STM/STS study of vortex confinement
in Pb/[Co/Pd]

Whenever MFM fails in discriminating between vortex cluster and giant vortex,
STM/STS techniques can be complementary used. Despite the lost of magnetic reso-
lution, STM/STS allow vortex immaging with higher lateral resolution up to very high

magnetic fields.

H=-300 Oe H=300 Oe

Figure 4.6: (a) cartoon of the position of spontaneous superconducting vortices in
Pb(30nm)/[Co(2nm)/Pd(2nm)2qobiiayers] on the top of an orientative distribution of magnetic do-
mains, made by five conductance maps, each of them 438nm x 438nm in size, acquired at the Fermi
energy at 7' = 1.5K after a zero field cooling. (b) conductance map at the dislocation, in green dotted
square, acquired at the Fermi energy at 7' = 1.5K and in zero field cooling. (c-d) conductance maps
of the area in yellow dotted square, acquired at the Fermi energy at 7' = 1.5K after a field cooling in

H = —3000e and H = 3000e respectively

The cartoon of fig.4.6a draws the position of superconducting vortices in
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Pb(30nm)/[Co(2nm)/Pd(2nm)200—bitayers] With respect to an orientative distribution
of magnetic domains. It is made by five conductance maps, acquired at the Fermi
energy at T'= 1.5K after a zero field cooling.

Vortices and antivortices appear as spots with higher zero bias conductance with respect
to the superconducting background which is here masked by the cartoon of the magnetic
texture. By repeatedly field-cooling the sample below T in opposite magnetic fields,
the distribution of magnetic domains can be unambiguosly determined by looking at
the nucleation sites of superconducting flux quanta (downward stripes for vortices,
upward stripes for antivortices) [37]. For example, fig. 4.7 shows two patchworks of
conductance maps, acquired at the Fermi energy at T' = 1.5K, after field cooling the
sample in H = —3000e and H = 3000e respectively (except for the conductance map
right on the top of the bifurcation core, which was taken in zero field cooling and it is
here reported for spatial reference). Superconducting vortices appear on stripes with
magnetization collinear to the external magnetic field. Room temperature MFM on

Co(2nm)/Pd(2nm)200—bilayers [37] confirms stripe-like magnetic domains.

Figure 4.7: (a)cartoon of the magnetic structure of Co(2nm)/Pd(2nm)200—bilayers, deduced by field
cooling the sample in H = —3000e and H = 3000e respectively. Only the map right on the top of
the bifurcation core is acquired after a zero field cooling and it is here reported for spatial reference.

Each map is 438nm x 438nm in size and it has been acquired at the Fermi energy at 7' = 1.5K.

Conductance maps in zero field cooling (fig. 4.6a) show the presence of spontaneous
vortices and antivortices whereas an agglomeration of flux quanta (green dotted square
in fig.4.6a, enlarged in 4.6b) appear at the bifurcation core, where the vortex nucleation
is locally favored because of the enhancement of the stray field.

Figures 4.6c-d show conductance maps, at T=1.5K and at the Fermi energy, taken in
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the area enclosed in the yellow dotted square, after a field cooling in H=-3000e and
H=3000e respectively. A curling distribution of individual and well spaced vortices
appears in fig.4.6¢, while, in the opposite field, fig.4.6d, antivortices agglomerate at the
end point of the interrupted stripe. Here, spectroscopic analysis confirms the nucleation
of a vortex cluster, made by three individual flux quanta.

The 3D plot of fig.4.8a shows the evolution of superconducting DOS along the dotted
line in the inset of fig.4.8b. Moving inside the vortex cluster, superconducting gap and
coherence peaks become less pronounced and superconductivity is fully suppressed in

three separate locations, where zero bias peaks are measured.
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Figure 4.8: (a) 3D plot of the spatial evolution of the electronic DOS along the dotted line in the
inset of (b). (b) Plot of normalized ZBC vs position along the dotted line in the inset.

In fact, when moving the STM tip closer to the vortex core a pronounced peak in

the conductance spectra can be observed at small bias, whenever the superconductor
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is in the clean limit regime [46], [47]. Moreover, superconducting DOS features are
completely recovered outside of the cluster.
Normalized ZBC has been plotted as a function of position (black dots) in fig.4.8b. The

three ZBC peaks have been fitted by the function {1 — tanh ((7_577"’))}, where
i=1,2,3
x; is the position of each vortex core [48]. The best fit is given by £ = 55nm, in

good agreement with previous results on twin samples [37]. A vortex-vortex distance
of 105nm and 109nm can be measured between A-B and B-C respectively, inferring
an intervortex separation about 1.4 times smaller than the minimum value possible
d = 2.8H .5, achievable at the second critical field H.y for fully separated vortices in

bulk superconductors.

Figure 4.9: (a) 3D plot of the spatial evolution of the electronic DOS along the dotted line in the
inset of (b). (b) Plot of normalized ZBC vs position along the dotted line in the inset.

Finally, in fig.4.9a, the conductance map at the dislocation, in green dotted square
is enlarged. In fig.4.9b raw data have been filtered by a two-standard deviation 2D
Gaussian smoothing, with a kernel size of 15 pixels, corresponding to 105nm (about
the vortex size), and reported in a black-white color scale, with a completely satu-
rated contrast of the superconducting background (made by SPIP-Image Metrology
software). Red circles, with radius fixed by £ = 55nm, on the top of the map, work as
guide for the eye in order to identify the number of vortices inside the agglomeration.
Three hot spots show up, suggesting the establishment of a multivortex phase with

multiplicity L = 3.
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4.5 Conclusions

In this chapter, direct observation of superconducting vortex clusters and vortex
accumulation as a consequence of topological defects of the magnetic structure in S/F
thin film hybrids has been reported.

MFM measurements clearly show that bifurcations, where two domains converge and
coalesce in a single domain, often occur in ferromagnetic materials with stripe-like
pattern of the out-of-plane magnetization and always support an enhancement of the
out-of-plane stray field. Such a phenomenon has been related to the deviation from a
regular path of the stray field lines which merge at the bifurcation core and at the end
point of the interrupted stripes. This happens both in high-Q ferromagnets (Co/Pd
multilayers) as well as low-Q ferromagnets (Py). However, more peculiar magnetic
configurations can take place in low-Q materials, where closure domains are formed
near to the surfaces, thus attenuating the surface magnetization, and meron-like spin
textures can eventually occurs. In the latter, half of a magnetic vortex made by the
in-plane magnetization around the end point of the interrupted stripes occurs together
with the flipping of the out-of-plane magnetization by crossing the domain wall. When
this happens, one should expect the presence of a Bloch point along the stripe, where
an in-plane magnetization reversal process has taken place. Eventually a Bloch point
might work as pinning site for superconducting vortices as well as the enhancement of
the out-of-plane stray field.

Below T and in zero field cooling, vortex nucleation at the bifurcation can be favored
even when the out-of-plane component of the magnetization is not enough for their
spontaneous formation (fig.4.4) [35], [42], [43]. In such a case, a suspicious vortex distri-
bution in a sample where the local equilibrium value of the out-of-plane magnetization
was not enough to nucleate quantum fluxes, has been interpreted as a consequence of
a Bloch point-meron pair underneath.

Apart from the peculiar magnetic configuration, the topology of the bifurcation itself
always affect vortex distribution. In S/F hybrids, such distribution is set by Lorentz
force, external magnetic field, vortex-vortex repulsion and magnetic confinement. Pro-
vided the magnitude of the magnetic field experienced by the S, it has been shown how
the stripe curvature changes the vortex distribution due to the local variation of the
Lorentz force vector direction, always normal to the domain walls. In addition to this,

whenever the magnetic channels abruptly interrupt or make a fork, a shortening of the
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intervortex distance occurs due to the unbalancing of the long range repulsion, which
might bring to a vortex clusterization. However, sometimes the out-of-plane stray field
at the bifurcation can be high enough to nucleate more than a single vortex, but, as
shown in fig.4.3e-f, MFM might not be capable to distinguish between vortex clusters or
giant vortex due to limited lateral resolution. Such occurrences leave as an open ques-
tion wether or not the magnetic/geometric confinement due to bifurcations and stripe
endpoints, is able to induce giant vortices. STM/STS have been used to address the
problem, by performing experiments on Pb(30nm)/[Co(2nm)/Pd(2nm)a00—pilayers)-
A particulary dense agglomeration of vortices at the endpoint of a stripe has been
reported. Tunneling spectroscopy has been used to resolve three distinct flux quanta,
ruling out, in this case, the possibility of a giant vortex. Vortices inside the cluster
result spaced by a distance 1.4 times shorter than the minimum value possible for fully
separated vortices in bulk superconductors, achievable at the second critical field H..o,
proving a very strong magnetic confinement. In addition to this, the presence of zero

bias peaks in the conductance spectra confirms that the Pb film is in the clean limit.
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Chapter 5

Quantitative MFM

5.1 Introduction

The quantitative interpretation of MFM data is still a hot topic in the community of

scanning probe microscopists. In fact, it may only be achieved in special cases through
phenomenological pictures of the tip-sample interaction [1]. The rigorous difficulties of
a quantitative MFM are mainly based on the fact that the tip magnetic properties are
a priori not known. MFM image simulations or micromagnetic modeling, based on the
so-called point-probe approximation [2] of the MFM tips, can help to understand the
mechanism of the image formation [3]-[6], idealizing the tip magnetization distribution
by a single magnetic monopole and using the frequency shift signal to determine the
magnetic charge as well as its position within the real tip. Kebe et al. were able to
demonstrate that, albeit its simplicity, the point-probe model supports a reliable tip
calibration, allowing MFM quantitative measurements [7]-[9].
In the past, a number of experimental investigations were focused on hard disk transi-
tions [10]-[12], current strips [13]-[16], current rings [17], [18] and magnetotactic bacteria
[19] in order to characterize the MFM tips by using samples with well known magne-
tization and useful geometrical variations on the scale of interest. In this chapter, the
magnetic tip characterization will be carried out from MFM measurements on super-
conducting vortices, always supporting the quantized magnetic flux &y = %, where h
is the Plank constant and e is the electron charge.

In the framework of the point-charge model, in [20] the authors derived the magne-

89



90 5. QUANTITATIVE MFM

tostatic interaction between the MFM tip and a superconducting diamagnetic back-

ground, resulting in:

2

Futiptin = g [ P ada (5.1)
o dmpo Jo

Figure 5.1: In the point-probe model the MFM tip is characterized by the magnetic charge ¢ and
its distance from the surface z = zscan + 24, Where zscan is the lift height used while scanning and z4

is the distance of the magnetic charge from the tip apex.

The tip properties ¢ and z = 2san + 24 are, respectively, the intensity of the
magnetic charge and its distance from the sample surface (sum of the lift height of the

measurement Zgcq, and the distance of the magnetic charge from the tip apex z,) (see

/1 42—
fig.5.1). The function F(x) VAT " ontains the dependence from the London

./A%+m2+z7

On the other hand, in [21], the interaction between the magnetic tip and an Abrikosov

penetration depth .

— ~ . .
vortex line @y = @z was studied. In the case of a flux line surrounded by the vacuum,
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i.e. in absence of a superconductor around the quantum flux, the tip-vortex force is:
q o0
F. tip—vortex = —/ O(x)e " Jo(xr)xdx (5.2)
210 Jo

here ®(x) = W contains the dependence from the superconducting parame-
ters, i.e. A and the quantum flux ®¢, Jo(zr) is the zero-order Bessel function and r is
the lateral distance from the vortex core.

Instead, in bulk superconductors, a prefactor which takes into account the supercon-

ducting diamagnetism needs to be added to the expression 5.2. It has been calculated

to be G(z) = i_;\/?:; [21]. The superconducting background introduces a magnetic
offset (repulsive foi‘ce) which shifts the zero of the tip-sample force to a finite, posi-
tive, value. Such a value makes the tip-vortex (tip-antivortex) force stronger (weaker),
causing an unbalancing in the force profiles. The following expressions for tip-vortex

(tip-antivortex) force:

o0

L[ Gla)®(z)e Jo(zr)zdz (5.3)

Fz,tip—vortez =
Ho Jo

Fz,tipfantivortex = _/.Lﬁ G(:U)@(x)e_uJo(xr)mda: (54)
0Jo

have been plotted in fig. 5.2 (blue line), together with the force between the magnetic
tip and a vortex (antivortex) surrounded by the vacuum (red line).

As expected, in presence of diamagnetism an asymmetry in tip-vortex/tip-antivortex
force occurs as well as the force reaches a non-zero positive value in between V and
AV. The plot has been carried out with a tip-vortex distance of 10nm and by using a

magnetic charge value ¢ = 1.3~ Wb, reported in literature [21].
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Figure 5.2: red line: force exerted by V and AV in vacuum on a magnetic tip. Blue line: force
exerted by V and AV in a bulk superconductor on a magnetic tip. An unbalancing of 0.9 x 10~ 11N
between tip-vortex and tip-antivortex force is found, with respect to the diamagnetic background.

Values of z = 10nm and ¢ = 1.30~ 14Wb have been used.

In this chapter, the MFM experimental results on nucleation of V-AV pairs in

200nm-Nb single layer will be compared to the theoretical cantilever frequency shift

df — &sz _ fio(sz.tip—antiuortez + sz.tipfantivortem

2k dz — 2k dz dz

), derived from the expressions 5.3
and 5.4. By fitting the experimental magnetic profiles, the parameters ¢ and z, of
commercially available MFEM tips (MESP-LM, from Bruker) will be extracted. Finally,
as example of quantitative MFM, the results of the fitting procedure will be used to find
quantitative information on the out-of-plane component of the magnetization of a Py
ferromagnetic thin film, by performing an MFM experiment on Nb(360nm)/Py(1xm)

heterostructure. The Py stray field, coming out from the surface, results in Hp, =
0 (2k+1)(%) sin[(2k+1)<%>x] 7(2k+1)(,i)z

8M(] kz::O (2k+1)2(%) e

up-and-down, out-of-plane component of the Py canted magnetization and w is the

[22], where M is the small, alternating

width of the stripe-like magnetic domains. By measuring the frequency shift df =
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%q (H;; 4 and the domain width w from the MEFM maps, the local value of
Z:Zscan+zq

My will be quantified.

5.2 Tip Characterization

The coexistence of V-AV pairs in 200-nm Nb single layer was obtained by cooling
down the sample, below T, with the magnetic probe, longitudinally magnetized, very
close to the sample surface and in presence of an opposite magnetic field. In this way,
a vortex nucleation just under the tip apex is expected due to the probe field, whereas
the opposite external magnetic field ensures an homogeneous distribution of antivor-
tices within the sample. Of course, the presence of intrinsic pinning center in Nb is
required, in order to avoid the annihilation of the V-AV pair. The inset of fig. 5.3
shows an MFM maps acquired in presence of a V-AV pair in 200nm-Nb single layer,
at T=6K and zscq,, = 100nm. The flux lines were nucleated applying a magnetic field
H = +2.70e and keeping a constant separation di;p—sqmpie = 10nm during the cooling

process.
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Figure 5.3: Main panel - magnetic profile of V-AV pair in 200nm-Nb single layer (black line); constant
diamagnetic contribution (red line); mean value W% (blue line). Inset - MFEM map of

V-AV pair in 200nm-Nb single layer. The scan size is 3.8um X 3.2um, T' = 6K and zscqn = 100nm
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The profile of fig. 5.3 draws the magnetic outline of V and AV on the top of the Nb
diamagnetic background. The diamagnetic constant contribution (red line in fig. 5.3)
was found excluding the V-AV pairs from the MFM maps and measuring the magnetic
signal coming out from the superconducting region. The blue line, corresponding to the

mean value h““”“‘”“&“’"“““’““’m , allows to quantify the unbalancing of the V-AV heights,

resulting in the difference between red and blue lines. With respect to our diamagnetic

zero, the V results deeper than the AV.
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Figure 5.4: a) blue lines: MFM experimental V-AV profile at four different scan height:

(sz.tip—antiuortez +

Zscan = H0nm, 75nm, 100nm and 150nm. Red lines:fitting function df = % rr

d”““;&). b) summary plot of ¢ and 2z, data, interpolated by a linear fit with zero slope.

The V-AV profiles at four different scan heights zs.q,, = 50nm, 75nm, 100nm and

150nm, are presented in fig. 5.4a. As a consequence of the increase of zgcqs, the fre-

9
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quency span is reduced from 0.7Hz to 0.35H z. In fig. 5.4a, the MFM data (blue lines)

: : dF; tip—antivortes AF: tip—antivortes
are fitted by the analytical expressions df = g—,‘;( Sip—gntivorter . —_Zpoeniivorter )

of the frequency shift (red lines), being ¢ and z; = z — zscqn the fitting parameters,
A6K) = 68nm the penetration length at the measurement temperature T = 6K,
fo = 75kHz and k ~ 2.8% the resonance frequency and the spring constant of the
used cantilever. A very good matching between experimental data and fitting func-
tion is found when ¢ and z, take the values summarized in fig. 5.4b. The constant
behavior of both magnetic charge q vs z;cqn, and magnetic charge height 2, vs zscan, in
the considered zsqq, range, allows to characterize the used MESP-LM tip by deriving
g = (0.20 £ 0.01) x 107 Wb and z, = (206 + 4)nm from the linear fit of the data of
fig. 5.4b.
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Figure 5.5: Force exerted on the MFM tip having ¢ = 0.20 x 10'*Wb and z, = 206nm by the
V-AV pair in Nb-200nm single layer at zscqan = 50nm

Figure 5.5 plots the force exerted on the used MFM tip by the V-AV pair in Nb-
200nm single layer. At zscqn = 50nm, the unbalancing of the tip-vortex/tip-antivortex

force results in 2.5 x 10713 N.
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5.3 Measure of 1uym Py out-of-plane magnetization

The tip calibration procedure, described in the previous section, has been succesfully

used in performing quantitative MFM experiment on Nb(360nm)/Py(1um).
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Figure 5.6: a)-b) MFM maps acquired at h = 110nm and T = 6K (a), T = 13K (b). c)-d) blue
lines: MFM experimental profile. Red lines:fitting function

Fig. 5.6a-b show the MEM maps acquired with the same MESP-LM tip respectively
below and above the Nb critical temperature. In fig. 5.6a, at 7' = 6K and zseqn =
110nm, a V-AV pair is clearly present on the top of the superconducting background,
totally shielding the Py stray field. In fig. 5.6b, at T' = 12K and 244, = 60nm, the
characteristic Py stripe-like magnetic domains, due to the alternating up-and-down,
out-of-plane component M of the Py canted magnetization, are visible. As previously
discussed, the V-AV pair profile (the blue line in fig. 5.6¢) has been fitted by the
function df = %(sz’“'p’“"““”’“”” + sz’”p’C}”;””””” ). The best fit (red line in fig. 5.6¢),

dz

resulting in ¢ = 0.19 x 107Wb and z, = 240nm, shows again a very good agreement
between experimental data and theoretical prediction. It is worth to notice that these

values of ¢ and z, are very close to ¢ = 0.2 x 107 "Wb and zq = 206nm, previously
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found out for a different MESP-LM tip, giving high confidence in the robustness of the
method. With a so characterized tip, the MFM profile of the Py stray field (blue line in
fig. 5.6d) has been fitted by the function df = g—gq dHpy , paying attention

dz .
Z*Zsanrfkq

to specify the right distance from the ferromagnetic film surface (z%.,,, = Zscan + 2Nb)-

In this way we extracted the local value of My, resulting in My = 19G, in agreement

with previous prediction (see chapter 3) [23] and measurement [24], [25], [26].

5.4 Conclusions

In this chapter, a possible procedure to characterize an MFM tip has been presented
as well as the result of a quantitave MFM experiment on Nb(360nm)/Py(1um).
A commercially available MEM tip (MESP-LM, from Bruker) was used to perform cryo-
genic MFM experiments on 200-nm Nb single layer. The nucleation of a V-AV pair in
the superconductor required to cool down the sample in external magnetic field, with
the magnetic tip approached. In such a way, the superconductor experiences a strongly
localized magnetic field due to the probe, which was previously magnetized along its
longitudinal axis, simultaneously to an uniform external field, with opposite direction,
applied by the magnet. The result is the nucleation of a vortex right under the tip
apex, surrounded by an uniform distribution of antivortices inside the sample. How-
ever, the presence of intrinsic pinning site in Nb is necessary to avoid the annihilation
of the flux pair.
By using the London equation for describing a superconductor in the mixed state, the
force experienced by the magnetic tip due to a superconducting vortex can be easily
derived whenever the tip is described as a point-charge ¢, located at z, with respect to
the tip apex (point-probe approzimation) [21].

Once the expression of the force is known, the frequency shift of the resonating can-

tilever, df = g—z df; = can work as fitting function for the experimental measured mag-
netic profile, having ¢ and z, as fitting parameters.

However, the contribution of the diamagnetic background on the magnetic profile of
V and AV has to be taken into account. Experimentally it results in having a vor-
tex deeper than the paired antivortex. In fact, in between V and AV, the tip feels
a repulsive interaction with the superconducting background, which causes a positive

frequency shift. In such a way, an overestimation (underestimation) of vortex (an-

tivortex) height occurs, with respect to the background (where the tip-sample force is
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1ON-Zero).

By fitting the V-AV profile at several zscqn, ¢ = (0.20 & 0.01) x 107"Wb and z2g =
(206 & 4)nm were found for the used tip and a tip-vortex force of the order of 10713V,
at Zscan = D0nm, was estimated.

Once the fitting procedure was set up and know, a quantitative MFM experiment
was performed on Nb(360nm)/Py(1pm). Again, the used MESP-LM tip was charac-
terized on a V-AV pair nucleated in the S/F heterostructure. It is worth to notice
that here the biggest source of bulk pinning comes from the stripe-like ferromagnetic
structure underneath the superconductor, which is completely shielded at the sam-
ple surface due to the high Nb thickness, rather then from the intrinsic pinning in
the superconducting layer. The results of the fitting procedure, ¢ = 0.19 x 10~ Wb
and z;, = 240nm, are not so far from previous values of ¢ and z,, proving the ro-
bustness of the model. Moreover, once the tip is characterized, the MFM profile of
Py stray field (above T) was fitted by the function df = Lo, dg: Y , where

2k
o
2=Zicant?q

= .
(26117 (Z) , keeping M, as free parameter.

By doing this, a local value of My = 19G was found, which is in good agreement with

Hpy = 8Mo § (2k+1)(%)sin[(2k+1)(%)z]e_(2k+1)(%)
=0

previous predictions [23] and measurement [24], [25], [26].
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Conclusions

A study of the vortex matter in magnetically coupled Superconductor/Ferromagnet
heterostructures, made by Nb/Py and Pb/[CoPd],,uititayers, Was carried out by using
low temperature Scanning Probe Microscopy techniques.

The investigation of vortex-antivortex nucleation in Nb/Py bilayers was performed
by low temperature Magnetic Force Microscopy experiments on several samples with
different superconducting and ferromagnetic thickness in order to tune the threshold
conditions for spontaneous superconducting flux quantum nucleation. Such systems al-
lowed the study of the vortex confinement due to the magnetic template as well as to the
Bean-Livingston barrier. Even more effective than the stripe template itself for pinning
superconducting vortices, the influence of defects of the magnetic structure, namely
bifurcations, on vortex arrangement in Nb/Py as well as Pb/ [CoPd]multilayem, was
studied by combining Magnetic Force Microscopy and Scanning Tunneling Microscopy
and Spectroscopy techniques. Finally, a new procedure for performing Quantitative
Magnetic Force Microscopy experiments was developed and used to get a measure of
the out-of-plane magnetization in 1um-Py.

Apart from the intriguing and exciting physics governing the vortex matter in S/F
hybrids, which has been partially discussed in details in this dissertation and which
will be matter of further investigation and experiments, the strong cooperation of two
different, cryogenic and UHV, techniques has been one of the main point in reaching
the scientific goal of this thesis. Being sensitive to magnetic and electronic proper-
ties respectively, Magnetic Force Microscopy and Scanning Tunneling Microscopy and
Spectroscopy are definitely complementary in the investigation of S/F hybrids. How-
ever, the correct operation of these techniques as well as the success of the experiments
requires a lot of efforts in preliminary maintaining a cryogenic system and avoiding

any external contamination of the UHV parts, in preparing the surfaces of the samples
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under investigation, in acquiring a lot of statistics, required to get general conclusions
from the investigation of micrometric sized areas.

New experiments are planned for the next future, with the aim of improving our un-
derstanding of the physics of S/F hybrids. On one side we would like to perform
additional in-field experiments on S/F hybrids only magnetically coupled, by means
of Magnetic Force Microscopy, in order to get more insight into the rigidity of the
spontaneous/field cooled vortex lattice. On the other hand, we started already the
investigation of S/F heterostructures in exchange coupling, by means of Scanning Tun-
neling Microscopy and Spectroscopy. Even if not reported in this dissertation, in the
last year several attempts have been made to follow up in this direction, starting from
the in-situ deposition of the constituting materials to the electronic characterization of

the superconducting DOS.
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